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ABSTRACT 
ABSTRACT 
The work embodied in thesis is the description of an efficient 
synthetic procedure for obtaining 16-membered [N6] macrocyclic ligands 
bearing hexaamide/hexapeptide functions, a mimic to the cyclic 
hexapeptide system. The present procedure can be exploited further for 
the synthesis of a series of macrocycles with different ring sizes 
possessing polyamide/polypeptide functions. The results of the studies for 
the reactivity of these macrocycles towards members of 3d transition 
metal ions viz. Cr+2, Mn+2, Fe+3, Co+2, Ni+2, Cu+2, heavier transition metal 
ions viz. Pt+2, Pd+2, Ru+2, Ru+3 as well as towards group 12 metal ions 
viz. Zn+2, Cd+2, Hg+2 have also been discussed. 
Chapter 1 is a brief survey of the various known macrocyclic 
compounds, their coordination chemistry and the possible uses in 
different fields of science including medicine etc. 
In Chapter 2 the synthesis and characterization of 16-membered 
macrocyclic hexaamides namely, dibenzo-
[c,k][l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone and 
[l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone dihydro-
chloride symbolized as L1 and L2-2HCI respectively, have been discussed. 
Condensation reaction between the dicarboxylic acid anhydride, phthalic 
anhydride [C6H4(CO)20] with semicarbazide hydrochloride (H2N-NH-
CO-NH-NH2.HCI) in 1:1 mole ratio under reflux has been found to be 
very efficient resulting in an air stable microcrystalline solid compound 
(L1). Analogous reaction using the corresponding dicarboxylic acid, i.e. 
phthalic acid [C6H4(C02H)2] also produces an identical product. The 
condensation reactions of succinic anhydride [C2H4(CO)20] as well as of 
succinic acid [C2H4(COOH)2] under similar reaction condition have 
produced a thick, sticky mass difficult to isolate in the from of a stable 
solid compound. However, the same condensation reactions performed in 
the presence of 3 mole equivalents of cone. HCI have afforded 
microcrystalline solid products whose melting point and analytical data 
were identical to each other and characterized as a dihydrochloride salt of 
the macrocycle (L2-2HCI). The observed analytical data for L1 and L2-2HCI 
correspond to the molecular formulae Ci8Hi4N606 (mol. wt = 410) and 
Ci0Hi6CI2N6O6 (mol. wt = 387), respectively. The FAB-mass spectrum of 
L1 recorded in m-nitrobenzyl alcohol (NBA) matrix exhibits a molecular ion 
peak [LH]+ (m/z = 411) with 10% relative abundance along with a 
relatively strong peak (30% relative abundance) at m/z = 206 assignable 
to [l_72 H]+ fragment of the molecular ion. The cleavage of the molecular 
ion [LH]+ into two equal halves [LV2 H]+ is probably through the cleavage 
of N-N bonds present in the molecular unit of L1 {vide infra). This is in 
conformity with the formation of an isomeric form of L1 where the two 
N-N bonds are preferably diagonally opposite to each other (structure A 
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of Figure 2.1). The observed non-electrolytic nature of L2-2HCI suggest 
that the counter chloride ion is encapsulated in the cavity of the 
molecular cation, [L.2H]2+ through hydrogen bonding which involve NH 
proton of amide function. The electronic spectrum of L1 and L2-2HCI 
exhibit absorption band assignable to the excitation of non-bonded 
electrons at carbonyl oxygen (HOMO) to an antibonding n* orbital 
(LUMO) i.e (71* <- n) transition of the amide moiety. The appearance of 
important bands characteristic of v(N-N), v(R-CO-N) and v(CO-NH-CO) 
stretching frequencies with the concomitant disappearance of bands due 
to v(C=0) and v(C-O-C) for dicarboxylic acid and its anhydride 
respectively, in the IR spectra of L1 and L2-2HCI, confirm the condensation 
reaction which follows a "2+2" cyclization process to produce a 16-
membared macrocyclic moiety possessing hexaamide/hexapeptide 
functions. The *H NMR spectrum of L1 shows aromatic protons resonance 
along with two separate broad signals due to the NH proton resonances 
present in two different environments i.e. (CO-NH-CO) and (CO-NH-
NH-CO) in the molecule. However, for L2-2HCI the spectrum contained 
only one signal which is due to the aliphatic (CH2)2 protons only. The 
disappearance of NH protons is due to the existence of a possible rapid 
proton exchange between NH group with that of HCI present in the 
molecular unit of L2-2HCI. 
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It has been found that L1 is more reactive than L2-2HCI when 
reacted with metal salts and their derivative complexes. The enhanced 
rigidity in planarity of L1 by the presence of aromatic substituents in the 
macrocyclic ring probably provides suitable cavity to encapsulate metal 
ions efficiently. However, the planarity of the macrocyclic ring get 
disturbed due to the presence of non aromatic substituents [(CH2)2] as in 
L2-2HCI to an extent that it exhibits only a limited reactivity towards the 
metallic substrates to bind the metal ions in the macrocyclic cavity. 
The investigations for the reactivity of the macrocyclic derivatives 
towards metal chlorides MCI2 (M = Cr, Mn, Co, Ni, Cu, Zn, Cd, Hg, Pt, Pd) 
and MCI3 (M = Fe, Ru) as well as a few of the derivative complexes 
[M(PPh3)2CI2] (M = Co, Ni, Zn, Cd, Hg, Pt, Pd) and [Ru(PPh3)3CI2] 
resulting in metal complexes have been discussed in chapter 3. This 
chapter has been subdivided into three parts, chapters 3A, 3B and 3C. 
The electrochemical redox behavior of the complexes in solution 
has been investigated through cyclic voltammetric studies. The pH-metric 
studies for the determination of formation constants or overall stability 
constants for the formation of the complexes has also been performed 
and discussed in chapter 4. 
The stoichiometry of metal complexes, mode of coordination and 
probable molecular geometries have been ascertained using the various 
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physico-chemical and spectroscopic methods. The complexes exhibited 
v(N-H) stretching vibration whose positions is not much altered when 
compared with that observed in free ligands. However, the observed 
negative shift of the fundamental v(N-N) stretching frequency in the 
complexes from that in free uncoordinated macrocyclic ligand suggest 
coordination of metal ions via aza groups of the amide functions. The N-
H protons of the amide functions do not get dissociated or deprotonated 
in the process of coordination to the metal ions. This has also been 
supplemented from the *H NMR spectra of the complexes [Ml^Cb] (M = 
Zn, Cd, Hg) which exhibit NH protons resonance peak in the range 8 = 
6.4-8.55 ppm. 
The magnetic moment and the ligand field spectral studies of metal 
complexes [Mnl^Cb] and [Fel^ CbJCI indicate that the ligand field strength 
of macrocyclic ligand is moderate giving a low-spin complexes with spin-
paired d5 systems i.e. Mn(II) and Fe(III). The ligand field strength in 
[Ml^Cb] (M = Cr or Co) is rather weak giving high-spin complexes for d4 
Cr(II) and d7 Co(II) system. These metal ions acquire hexacoordination 
compatible with an octahedral arrangement of biting sites of the ligand 
around the metal ions. The observed jueff value (^ eff = 0.8 B.M.) for Cu(II) 
complex is unusually low from that expected (|aso = 1.73 B.M.) for a 
mono-nuclear complex with one unpaired electron in a d9 configuration of 
metal ion. The EPR spectrum of [Cul^Ch] does not show any signal at 
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room temperature as well as at liquid N2 temperature which is probably 
due to the presence of a considerable Cu-Cu interaction resulting in the 
pairing of the unpaired spins on each Cu(II) ion even at room 
temperature. 
The observed diamagnetic nature of Pt(II) and Pd(II) complexes 
with the macrocyclic ligand (L1) formed in 1:1 metal : ligand ratio bearing 
[ML^Cb stoichiometry suggests that the coordination from aza groups of 
the amide/peptide functions adopts a square planar geometry around 
Pt(II) and Pd(II) ions with ^ g ground state term (d2XZ/ d2yz/ d2z2, d2xy 
configuration). These complexes behave as 1:2 electrolyte in DMSO. 
However, Ru(III)-complex, [Rul^CyQ behaves as 1:1 electrolyte in 
DMSO and exhibits paramagnetism consistent with one unpaired electron 
having 2T2g ground state configuration. The ligand field bands observed in 
its electronic spectrum exhibits bands compatible with an octahedral 
geometry of the complex. The Ru(II)-complex [Rul^Cfe] is non-
electrolyte in DMSO and its diamagnetic nature indicates a low-spin d6 
configuration of ruthenium ion in an octahedral environment. 
It is interesting to note that like L1 the macrocyclic ligand L2-2HCI 
also exhibit reactivity towards group 12 metal chlorides MCI2 as well as 
their derivative complexes [M(PPh3)2CI2] (M = Zn, Cd, Hg) producing 
stable complexes in good yields. The analytical and molar conductance 
data suggest that the complexes are formed in the stoichiometry [Ml^ Cfe] 
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and [ML^Cfe respectively. The complexes have been further characterized 
from IR, electronic and *H NMR spectral studies. IR data suggest 
coordination from deprotonated (NH) group of the amide functions. The 
position of characteristic 7r* <- n (LUMO <- HOMO) transition of the 
amide functions in the free ligand shifts to lower wavelength (blue shifts) 
in complexes which is probably due to either stabilization of HOMO or 
destabilization of LUMO after complexation to the metal ions. 
It has been found that the reaction of precursors [M(PPh3)2Cl2] (M 
= Co, Ni, Pt, Pd, Zn, Cd, Hg) as well as [Ru(PPh3)3CI2] with the 
macrocyclic ligands are invariably accompanied with a total liberation of 
the ancillary PPh3 ligand giving products which do not contain any 
coordinated PPh3 in the coordination sphere. This indicates that the 
macrocyclic effect for encapsulating metal ions is a more pronounced 
effect when compared with the n acidity of PPh3 towards the metal ions. 
The cyclic voltammetric studies (CV) have been carried out for the 
complexes [Crl^Cfe] I , [Mnl^Cb] I I , [Fel^Cyci I I I , [CoL^Cfe] IV, 
[NiL^IJCI V, [Cul^Cy V I , [PtL^Cfe IX, [PdL^Cfe X I , [RuL^cyCI X I I I to 
investigate the electrochemical redox behaviour of metal ions which are 
encapsulated in the macrocyclic cavities. The mechanism for the 
observed redox processes have also been proposed and discussed in 
chapter 4. The CV studies have been performed for 1 mmolar solution of 
these complexes dissolved in DMSO-water (1:1) mixture using Pt vs 
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Ag/AgCI electrode at 25 °C temperature at 0.1 Vs"1, 0.2 Vs"1 and 0.3 Vs"1 
scan rates. The quasi-reversible cathodic peak observed at E°i/2 = -0.434V 
for chromium complex I at 0.1 Vs"1 scan rate is consistent with the 
formation of a redox couple, Crn/I, in the solution. However, for the 
manganese complex I I the redox couple Mnn/I has a shorter life span at 
0.1 Vs"1 scan rate but could be recorded at relatively faster scan rate (0.2 
Vs"1). The voltammogram also exhibited a less quasi-reversible anodic 
peak at E°i/2 = +0.45 V with a peak separation of AE = 360 mv 
consistent with the formation of the redox couple, Mn I I /m, in the solution. 
The mechanism of the redox reactions is as follows: 
At cathode 
[MnVcy = 3 ^ [Mni'ciJCl (E°1/2 = -0.438 V) 
"
e
 (AEp = 35 mV) 
At anode 
[Mn\lC\2] = ^ U [MnmL1Cl2]+ (E°1/2 =+0.45 V) 
+ e
 (AEp = 360 mV) 
The cyclic voltammogram of iron complex I I I shows a quasi-
reversible peak compatible with the redox couple FeIII/n along with two 
irreversible anodic peaks due to a two-step disproportion reaction with 
one-electron irreversible process in each step. The mechanisms of the 
reactions at cathode and at anode are as follows: 
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' ^ frt 
At cathode 
[FemL'ci2]+ ^ = ^ [Fe1JL'Cl2] 
~-^l$ 
At anode 
Disproportionation reactions 
2[Fe°L,Cl2] *- [FemLlCl2]C\ + [ FelLlC\] 
IFeVO] • [FeVdJ + Fe^L1 
The cyclic voltammograms for [Colmey IV and [Nil^ CIJCI V do not show 
any reversible or quasi-reversible redox couple rather generated 
irreversible cathodic and anodic peaks consistent with the mechanism as 
following. 
[CoL'eil + e " 1 - 0 9 6 V >CoQ + L' + Cl2 
nvrT 1/^ n i -0 .70V \ r 0 ,
 T l , P I 
[NiLCl] + e • N i +L +C12 
At cathode 
rrnT 'PI i i r [^OJ_J <^12J I L 
and 
rvTiT ' p i 1 1 r . -[1N1L, V^12J 1 C • 
At anode 
Co» + 0 ' 7 8 V * 
-0.448 V 
-0.345 V 
Co2+ + 2e 
and 
Ni° - ° - 7 9 7 V , Ni+2
 + 2e 
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The redox behavior of [CuL^Cb] V I has been studied in the potential 
range +0.4 V to -0.3 V and +0.8 V to -0.6 V at the scan rates 0.1 Vs"1 
and 0.3 Vs"1 respectively. The voltammograms do not show any quasi-
reversible behavior of the redox species formed in the solution rather 
indicates that only disproportionation reactions take place at both the 
electrodes. However, for [PtL^Cb IX and [PdL^Cb X I complexes a 
reversible redox couple at E°i/2 = -0.434 V and -0.4 V, respectively, has 
been observed which is consistent with the redox equilibrium 
[ML] . - [ML]" (M = Pt or Pd) giving the formation of radical anion. An 
irreversible anodic peak is also indicated consistent with the formation of 
an irreversible M n - M m couple. The voltammogram for the Ru(III)-
complex, X I I I recorded in the potential range +2.0 V to -0.8 V at a scan 
rate 0.1 Vs"1 shows a reversible redox couple Ru I I / m in the solution. 
The pH-metric investigations for reactions of metal salts with L1 in 
water have been discussed in chapter 4. The magnitude of logs Ki 
(10.01) and log K2 (3.14) of L1 which when translated into overall p units 
are p0n (9.42) and P012 (12.06) respectively. This has been obtained after 
refinement through the use of SUPERQUAD Programme. The analogous 
titrations for the binary systems L1-2HCI04-MCI2 (M = Co, Ni, Cu) and 
L^HCIC^-FeCb in 1:1 mole ratio have yielded the magnitudes of the 
overall stability constants for the various equilibria setup in solutions like 
log (3110, logBm, log B112, logB113 log Bn4 , logB115 log B116, logBn-! log 
x 
Pon, Iog3oi2- The species distribution curves for the systems L1-2HCI04-
NiCI2 and L^HCIC^-CuC^ have been analyzed and plotted through the 
use of the best possible SUPERQUAD Programme. It has been noticed 
that at lower pH the most probable species formed in the solution are 
MH2L, MH3L and MH4L, whereas, at relatively higher pH, the species MHL 
and ML are more probable in aqueous solution. The difference in the 
magnitude of log Ki and log K2 for the macrocycle L1 is about 6.87 
logarithm units which is higher when compared with the polyaza 
macrocycles but is comparable to the macrocycles possessing dicarbonyl 
functions. Furthermore, in aqueous solution the Cu-L1 is more stable 
than the corresponding Ni-L1 system. 
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CHAPTER 1 
There has been considerable attention towards the coordination 
chemistry of macrocyclic ligands as a fascinating area of research to. 
inorganic chemists. The design of novel macrocyclic ligands stems out 
mainly in view of their use as models to elaborate the metal ions 
interaction and to get an inside of the coordinating sites in metallo-
proteins and in biological systems. These macrocyclic ligands also serve 
as models to study magnetic exchange phenomena and also as 
therapeutic reagents in chelate therapy for the treatment of metal 
intoxication. Metal encapsulated derivatives help to study the guest-host 
interaction and in catalysis. These areas have led to a considerable efforts 
in developing reliable inexpensive synthetic routes for this category of 
compounds1"4. Several classes of macrocyclic ligands which include 
saturated polyaza macrocycles, imine Schiff bases, polyoxa macrocycle, 
polyoxaaza macrocycle, crown ethers, cryptands, compartmental 
macrocyclic ligands that form mononuclear and heteronuclear complexes, 
pH responsive macrocycle and macrocycle containing pendant arms have 
been synthesized and their reactivities towards metallic substrates have 
been reported. These macrocycles which contain varying combination of 
aza[N], oxa[0], phospha[P] and sulpha[S] ligating atoms can be tailored 
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to accommodate specific metal ions vis-a-vis cavity size or hole size of the 
macrocycle. A macrocycle is defined as a cyclic compound having at least 
nine, or more, heteroatomic members and with three, or more, ligating 
centres1"4. They have an internal hydrophilic cavity formed by donor 
atoms, and an external hydrophobic framework made up of chains. The 
three-dimensional extension of macromonocycles in which more than one 
macrocycle is incorporated in the same molecule are called 
macropolycycles5. An intriguing feature of macrocyclic chemistry is that 
the design and synthesis of macrocycles with varying ring size and donor 
sites, with specific properties can be achieved with relative ease. Over the 
past 2-3 decades an extensive series of macrocyclic ligands have been 
prepared and studied which are classified into various subdivisions5. The 
following types are a few of the ligands classified into various different 
subdivisions [Figure 1.1 (I-XIV)]. 
(i) Coronands6,7 (I) are macrocyclic species which contain various 
heteroatoms as binding sites. The complexes of these ligands are 
referred to as coronate. 
(ii) Crown ethers8 (II) and (III) are macrocyclic polyethers. 
(iii) Macrocyclic polycarbonyls are cyclic ligands containing carbonyl 
functionalities, the macrocyclic oligoketones9 (IV), the polylactones10 (V) 
and the polylactams11 (VI). 
(iv) Spherands (VII) and hemispherands (VIII) are macrocyclic ligands 
which consist of arrangements of phenyl groups. 
(v) Calixarenes14 (IX), from the Greek meaning chalice and arene 
(incorporation of aromatic rings), are macrocyclic phenoi-formaldehyde 
condensation products. 
(vi) Cyclodextrins15 are naturally occurring cyclic oligomer of 1,4-
glucopyranosides. 
(vii) Catenands16 (X) are two separate, but interlocked macrocyclic 
ligands. 
(viii) Cryptands17,18 (XI) and (XII) are macropolycyclic receptor molecules 
which provide a cavity for inclusion of a variety of substrates. Cryptate 
refers to their complexes. 
(ix) Sepulchrates19 (XIII) are polyaza macrobicycles analogous to the 
cryptands. 
(x) Speleands20 (XIV) are hollow, macropolycyclic molecules formed by 
the combination of polar binding units with rigid shaping groups. Speleale 
refers to the complex. 
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Figure 1.1 (l-XIV) 
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There are two main approaches to prepare such systems: 
a) Conventional organic synthesis of the ligands. 
b) Metal ion promoted reaction involving condensation of noncyclic 
components in the presence of suitable metal ion (in short termed 
as metal template procedure). 
A great variety of azamacrocyclic complexes have been formed by 
condensation reactions in the presence of metal ions (metal template). 
The majority of such reactions have imine formation as the ring closing 
step. Tetrazamacrocycles with 14- and to a lesser extent 16-membered 
predominate. While amongst the various first transition series Ni(II) and 
Cu(II) are the most widely active metal ions used in the template 
procedure21. The design of the ligand capable of forming stable metal 
complexes would not only allow further study of the coordination 
properties of the metal ion but also would enable to exploit in detail, 
certain important emerging properties of these complexes. The design of 
macrocyclic Schiff bases have provided their potential use as metal 
specific ligand allowing incorporation of even two or more metal 
ions simultaneously. 
As described above the most effective method for the synthesis of 
macrocyclic complexes involves an in-situ approach wherein the presence 
of metal ion in the cyclization reaction markedly increases the yield of the 
7 
cyclic product. The metal ion plays an important role in directing the 
steric course of the reaction and this effect has been termed as the 
metal-template effect22. The first example of deliberate synthesis of a 
macrocycle using this procedure was described23 by Thompson and Busch 
(Figure 1.2), 
H2V yL*rQs °C R>o— 1 
H2N' > * % > < _ > % > < -
Figure 1.2 
2+ 
although Curtis had previously demonstrated the potential of template 
assembly through his observation that the reaction of Ni(en)3(CI04)2 
(en = 1,2-diaminoethane) and acetone yields isomeric tetraazamacrocydic 
complexes24 of Ni(II) (Figure 1.3). 
^ f 
w W Y—-nr/ \ ' 
" :NiC 
\ J 
Figure 1.3 
Metal salts also facilitate the self-condensation of o-phthalonitrile to 
give metal-phthalocyanin complexes25 (Figure 1.4). 
M 2+ 
N' M N %
 -N V 
CN 
CN 
Figure 1.4 
Schiff base condensation between a carbonyl compound and an 
organic diamine in the presence of a metal ion to yield an imine linkage 
has led to the synthesis of many azamacrocycle complexes26,27 as 
illustrated below by Figure 1.5. 
"N 
. / 
R 
V 
NH HN u 
CH20 
RNH2 
M (en)2 
2+ CH,0 
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,NH HNV V 
\ 
R Me N02 
Figure 1.5 
The lighter transition metal ions (members of first transition series) 
have been extensively used in the template syntheses of tetradentate 
macrocycles. The directional influence of the orthogonal d-orbitals is 
regarded as instrumental in guiding the synthetic pathway. The last two 
decade or so has seen an extension of this technique and successful 
attempts have been made to even use organo-transition metal derivatives 
as templating instruments to generate a few tridentate cyclononane 
complexes28,29. This has been further expanded to include the s- and p-
block cations which guide the synthesis of penta- and hexa-dentate Schiff 
base macrocycles30,31 and a series of tetraimine Schiff base 
macrocycles32,33. The smaller Schiff base macrocycles have been termed 
as "1+1" macrocycles and the tetraimine derivatives as "2+2" 
macrocycles in reference to the number of head and lateral units 
present32. The metal complexes of the "2+2" macrocycles may be mono-
or di-nuclear in nature. 
It has been generally found that for the larger Schiff base 
macrocycles the transition metal cations are ineffective as templates28. 
Trans-metallation reactions28,31"33 have been successfully employed for 
such macrocycles. This approach has been particularly successful when 
applied to the generation of di-nuclear Cu(II) complexes of tetraamine 
Schiff base macrocycles. The latter have been used as speculative models 
for the bimetallobiosites in cupro-proteins such as haemocyanin and 
tyrosinase34. The size of the cation used as the template has proved to be 
of importance in directing the pathway for the Schiff base systems 
(Figure 1.6). 
The compatibility between the size of the metal ion and the cavity 
size (hole) of the macrocycles contributes to the effectiveness of the 
10 
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Figure 1.6 Schiff base macrocycle synthesis in the presence of non-transit ion 
metal templates 
synthetic pathway and to the geometry of the resulting complexes. 
Furthermore, the similarity in ionic radii between the alkaline earth metal 
cations and lanthanide (III) cations suggests that the latter could also be 
used as efficient templating devices. However, the lanthanide template 
lacks the metal directing capabilities of the transition metals but it 
provides a more flexible coordination environment. 
It is well known that nature prefers macrocyclic derivatives for 
many fundamental biological functions such as photosynthesis and 
transport of oxygen in mammalian and other respiratory system35. 
Generally, such derivatives have higher thermodynamic and kinetic 
stability than a cyclic ones3. Studies of the geometry around the metal 
centre present in the active sites and its electronic and magnetic 
behaviour are highly cumbersome due to the fact that the metal ion is 
embedded in a biopolymer backbone36. Therefore, the synthesis and 
studies of model systems are important which may provide more insight 
about the cooperative phenomenon, electron transfer and magnetic 
interaction between metal centres37,38. Macrocyclic ligand have been 
successfully exploited for diverse processes such as separation of ions by 
transport through artificial and natural membranes, liquid-liquid, solid-
liquid phase transfer reactions, preparation of ion selective electrodes, 
isotope separation and in the understanding of some natural processes 
through mimicry of matallo-enzymes39. The use of macrocyclic ligands for 
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selective metal complex formation has received considerable attention 
over many years40. Attempts have also been made by workers to 
investigate the interaction of mixed donor macrocyclic ligands 
incorporating four, five and eight potential donor sites with a range of 
latter first row transition and post transition metal ions40. These studies 
were aimed to achieve metal ion discrimination within the respective 
ligand series and to understand the reason for such discrimination when 
it was observed. The strategies employed in such studies were to 
investigate metal ion behaviour across a "matrix" of ligands, whose 
structures vary in stepwise manner40. Parameters such as the macrocyclic 
ring size, donor atoms set and degree of ligand substitution were varied 
to form the required matrix. 
The crown poly-ethers are examples of macrocycles which have 
been prepared mainly by the direct synthesis8,41,42 (Figure 1.7) employing 
non-template procedure. 
.OH 
+ 2 
0 
CI XD CI ^ ^ 0 
OH 
Figure 1.7 
Mixed oxa-thia crowns are obtained from oligo (ethylene glycol) 
dichloride reactions with dithiols43"45 (Figure 1.8). 
13 
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Figure 1.8 
Another series of ether-ester and ether-ester-amide macrocycles 
are derived from acid chlorides and oligo (ethylene glycols) or ethylene 
diamine typified46,47 by Figure 1.9. 
J o. N Q 
HX 
A \ 
0 
XH ci CI 
X = OorNH 0' 0 
Figure 1.9 
Polythia macrocycles are obtained by reacting an appropriate 
polythiane with a dibromoalkane (Figure 1.10). In some cases the 
reactions are metal template23,48 assisted (Figure 1.11). 
SH 
A 
HS Br Br 
Figure 1.10 
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The phosphorus macrocycles are made via template condensation49 
of coordinated polyphosphine ligands and a dibromoalkane (Figure 1.12). 
Ph/ \ 
PPhH 
Ph j PPhH 
Figure 1.12 
Template assisted single-stage ring closure methods are also 
reported50 (Figure 1.13). 
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Figure 1.13 
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The arsenic donor macrocycles are synthesized51 by reacting 
lithiated polyarsene with dichloroalkane (Figure 1.14). 
ci ci 
AsPh 
H Figure 1.14 
Macropolycycles are in general made by progressive construction of 
the framework through a series of reactions of the appropriate 
reactants16"18'52"55. 
It is now understood that there is a need in several areas for a 
rational approach towards ligand design for selective complexation of 
metal ion in solution56. A major determinant of the metal ions specificity 
is expected to be the nature of the metal binding residues. Metal binding 
studies have shown the importance of ligand field stabilization energy and 
hard-soft acid-base effects57 in determining metal ion specificity. 
Macrocycles containing 'hard' ether-oxygen centers show binding 
preferences towards 'hard' alkali and alkaline earth cations, but shift their 
preference towards 'soft' heavy metal ions58"61 with incorporation of 'soft' 
sulfide or amine linkages in place of ether linkages. The selection of 
appropriate 'shaping groups' and hetero-atom at the binding site is crucial 
for selective complexation of substrate by a macrocyclic ligand. 
Macrocycles with saturated chains and large cavity sizes have 
greater flexibility1"4. Unsaturation imposes steric constraints on the 
molecule to the extent that when donor atoms are connected via an 
aromatic system e.g. pathalocyanines, flexibility is at minimum. The 
nature of cavity is influenced by the number of donor atoms in the 
macrocycle and its degree of flexibility. While a rigid framework results in 
a preformed cavity, flexibility allows latent cavity formation. The 
selectivities observed for the crown ether and cryptands in the 
complexation of the alkali and alkaline earth metal ions are closely related 
to the cavity size, although in exceedingly large cavities, selectivity may 
become lost due to preponderance of flexibility1"4. 
If a substrate is too small for a given ligand cavity the resulting 
complex will be destabilized by substrate-receptor repulsions and ligand 
deformation. On the other hand, for a substrate that is too large for a 
macrocycle, destabilized complexes will result due to poor ligand-
substrate binding contact or unfavorable ligand deformation in order to 
achieve binding contact. Ligand flexibility and shape are also controlled 
by the dimensionality of the macrocycles. The dimensionality of a 
macrocycle is defined1"5 in terms of the highest number of edges to which 
a vertex is attached. A vertex is mostly a donor atom, but not always. 
Simple unappended monocycles are bidimensional while the bi- as well as 
tri-cyclic systems are tridimensional. Macrobicyclic ligands are inherently 
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more rigid than their monocyclic analogues. Flexibility can be increased 
by increasing the chain length1"4. The incorporation of functional 
groups such as amide, ester, thioester, urethane and thiourea 
provides polar binding sites and additional ligand stiffening. 
Macrocycles with chiral units in their skeleton serves as receptors for 
chiral substrates. A wide range of ligands can be designed of desired 
properties from a thorough knowledge of binding sites and its 
environment, and topology that determines the ease of complex 
formation. As polydentate ligands, the macrocycles are capable of 
interacting with a broad range of metal ions as well as non-metal ions 
(complex cations62"65, anions62"66, neutral molecules66). The macrocyclic 
ligands offer unusually high ligand field strengths to those metal 
ions having the ionic diameter matched to the macrocyclic 
cavities. The resulting complexes are extremely stable 
thermodynamically and kinetically1. Macrocyclic ligands are also efficient 
in stabilizing high oxidation states of metal ions that are not 
readily attainable such as Cu(III) and Ni(III)67"71. This property 
enables them to undergo a diverse array of chemical reactions, such as 
ligand oxidative dehydrogenation, metal alkylation, ligand substitution 
and hydrogenation. The success of some of these reactions is closely 
linked with the ability of higher and lower oxidation states of metal ions in 
these complexes to function as reactive intermediates. 
The enhanced stability of metal complexes of macrocydic ligands 
over other linear polydentate ligands is attributed to various structural 
effects namely, macrocydic effect, chelate effect, cryptate effect and 
multiple juxtapositional fixedness (MJF)72. These effects which have been 
found to give stronger complexes arise from the structural factors, size, 
shape or geometry, connectedness or topology and rigidity of the 
macrocycle. Figure 1.15 displays the general observation that the affinity 
between ligands of a particular kind, amines in the example, and a given 
metal increases with the increasing topological constraint of the ligand 
system. The topological constraint is in the order, simple coordination< 
chelation < macrocydic effect < cryptate effect. 
Increasing Topological Constraint 
Coordination Chelation Macrocycle Effect 
H2NT^NH2 
H 2 N ^ N HTVWMi-t 
\ 
NH HN. 
ISIH H N 
Cryptate Effect 
Me 
NH NHHNN 
"NH HWN 
HjNT^-^i HT^^N H ^ N H2 
Topology and the Chelate, Macrocycle and Cryptate Effect 
Figure 1.15 
Me 
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Figure 1.15 also illustrates the chelate effect, which increases with the 
number of donors linked together through the series ethylenediamine 
(en), diethylenetriamine and N,N-bis(2-aminoethly)-l,3-diaminopropane, 
the macrocyclic effect for the case of the tetra-aza cyclotetradecane and 
the cryptate effect for the last structure. These topological effects are 
displayed in both kinetic and thermodynamic properties. This is 
manifested in equilibrium constants and is accompanied by exceptional 
kinetic inertness. Cabbiness and Margerum were the first to name the 
'macrocyclic effect'73 while reporting the first quantitative study of the 
relative thermodynamic and kinetic stability of tetra-aza macrocycles73,74. 
Subsequent studies on tetra-thia macrocycles75, alkali metal complexes of 
crown ethers76,77 and various metal ion derivatives of cryptates78 have 
confirmed the macrocyclic effect for macrocyclic ligands. Dissociation of 
the macrocycle from the metal complex is not an easy process because a 
macrocycle has no terminal groups. It would then require some profound 
change in the conformation of the chelated macrocycle to occur for the 
displacement process, probably, by the folding of the ligand. This shows 
that there is a substantial barrier in the way of macrocycle dissociation. 
Quantitative studies have shown that the rates of dissociation of 
macrocyclic ligands are much more greatly retarded than the 
corresponding rates of simple complex formation79. 
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Martell and Hancock have pointed out the fact that molecular 
organization is higher with macrocycles than with linear tetradentate 
ligands. The increased molecular organization associated with the 
macrocyclic ligand will raise it to a high energy state with respect to 
conformation, dipole-dipole repulsion and solvation. The cost in energy 
for complex formation can then, in fair measure, be prepaid during the 
synthesis of preorganized ligands or hosts80. The benefit of increasingly 
rigid structures of preorganized ligands presently called preorganization81 
was earlier labelled multiple juxtapositional fixedness82,83. The extent to 
which this is realized depends on the topology78,80 and rigidity of the 
ligand and on the complimentarity (size, geometry, electronics) of the 
metal ion. Complementarity78,80 provides the minimal requirements for 
strong affinity while topology and rigidity constraints are the design 
factors available for arbitrarily enhancing affinity. 
Lehn and Sauvage have reported84 the advantage of the cryptate 
(macropolycyclic) effect on the affinities for the hard alkali and alkaline 
earth metal ions. This macrobicyclic ligands exhibit remarkably larger 
stabilization than an ordinary macrocycle does. 
Virtually, all types of metal ions have been complexed with 
macrocyclic ligands1"4. Complexes of transition metal ions have been 
studied extensively with tetra-aza macrocycles85, naturally occurring 
porphyrin and porphyrin related complexes86"89. 
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Complexes of crown ethers ' and cryptands figure prominently 
with alkali and alkaline earth metal ions. Macrocyclic complexes of 
lanthanides and actinides are now attracting much attention90. 
Macrocyclic complexes of lanthanides have now many medical 
applications such as radio-immunoscintigraphy (^-Scintigraphy)91,92 and 
positron emission tomography93,94 as contrast-enhancing agents in 
magnetic resonance imaging and other clinical applications95. 
The template potential of metal ions in the formation of macrocycle 
depends on the preference of the cations for sterochemistries i.e. 
octahedral, tetragonal, square planner or square pyramidal in which the 
bonding d-orbitals are in orthogonal arrangements. This has been 
observed when condensation of 2,6-diacetylpyridine with 
triethylenetetraamine^N-bis-(3-aminopropyl)ethylenediamine, or N,N'-
bis(2-aminoethyl)-l,3-propanediamine using Cu(II) or Ni (II) ions were 
found unsuccessful. However, for these reactions the metal ions Mg(II), 
Mn(II), Fe(II), Co(II), Zn(II), Cd(II) and Hg(II) served as effective 
templating agents leading to the formation of 7-coordinate complexes of 
the macrocycles shown in Figures 1.16 and 1.17. 
?2 
Figure 1.16 Figure 1.17 
It is therefore, apparent that the metal ion and the anion are 
important to the template process because the balance between the size 
of the cation and anion will determine the degree of dissociation of the 
metal salt in the reaction medium90,96. 
I t is, well, established that template condensation of Ni(II) and 
Cu(II) acyclic tetra-amine complexes with formaldehyde and nucleophiles 
is a convenient way to prepare functionalized macrocylic complexes97. 
The use of primary amines as nucleophiles in these reactions results in 
the formation of complexes of azacyclam ligands possessing non-
coordinated nitrogen atoms in the macrocyclic backbone98. Such 
molecules are unstable in the free i.e. non-coordinated state owing to the 
hydrolytic instability of the diaminomethylene fragments99. This feature 
restricts their applicability for the preparation of complexes with metals 
other than Ni or Cu. From this point of view, the employment of C-H 
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acid, which form C-C bonds upon interaction with formaldehyde, as 
nucleophiles seems more preferable, but their assortment is rather 
limited. However, variety of substituted nitroalkane and malonic acid 
esters have been exploited as locking fragments in the preparation of a 
number of functionalized macrocycles98,100. However, reactions using 
malonic acid ester as locking agent usually result in low yields of the 
desired product. The barbituric acid as capping agent has been 
successfully employed in formaldehyde-amine condensation to result in 
macrocyclic compounds101 as shown in Figure 1.18. 
^ A 7 r 
-HN NH2 
:c/ - i * 
-Nfl NH2 
1 
(i) Barbituric acid, HCHO, MeOH - H20 (6:1 v/v), reflux 4 h. 
Axial H20 and CI04 in 2 are omitted. 
Figure 1.18 
Ideally, the complex is formed by adding the required metal ion to 
a preformed macrocycle but there are disadvantage to this approach as 
the synthesis of the macrocycle often results in a low yield of the desired 
product with side reaction e.g. polymerization etc. In order to avoid this 
problem the ring closure step in the synthesis may be carried out under 
condition of "high dilution"102 or "rigid groups" may be introduced to 
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restrict rotation and internal entropy losses in the open-chain 
precursors103"105 and so facilitates cyclization. 
The synthesis of macrocycle in a non-template procedure has been 
achieved by established procedure106 i.e. utilizing Schiff base 
condensation of the respective dialdehydes and the appropriate linear di-
or tri-amine derivates in methanol giving the corresponding cyclic 
products. A similar non-template reaction procedure was also employed 
to obtain the related four-, five- and eight-donor macrocycles107"109. It 
has been mentioned by these authors that it is not necessary to carry out 
the ring closing reaction under high dilution condition as a prerequisite for 
the non-template procedure. In most of the previous attempts use of 
linear polyamines in Schiff base condensation reactions sometimes 
resulted in a non-terminal (secondary) amine reacting in concert with a 
primary amine and an aldehyde group to yield a 1,3-diazacyclopentane or 
a 1,3-diazacyclohexane (aminal) derivative110. 
The synthesis of functionalized macrocycle is an important step in 
the investigation of molecular recognition properties of large ring 
compounds111. Functionalized polyazamacrocycles with pendant arms or 
exocyclic substituents are reported26, which exhibit flexibility and possess 
big cavity sizes to effectively encapsulate large cations or metal ions. The 
ability of certain molecules to bind specifically, a closely related species in 
biological system is of great significance. Macropolyamines are one 
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among such class of compounds that have been structurally modified to 
develop ligands with specific properties. Macrocyclic polyamines 
containing 1, 2 and 3 carbonyl functions whose structure bear dual 
feature of macrocyclic polyamines and oligopeptides show more 
selectivity as compared to the carbonyl free systems112. Until early 1970's 
macrocyclic polyamines (e.g. cyclam) had been used mostly as chelating 
agents for transition metal ions for study of basic coordination 
chemistry113,114. They possess some common properties as those of 
nitrogen-containing Afunctional molecules (Figure 1.19 I-IV) such as 
porphyrins113, peptides (e.g. Gly-Gly-His)115,116, or biogenic polyamines 
(e.g. spermine) and even more variety of functions117,118. 
cyclam 
(I) 
Porphyrin 
(II) 
Gly-Gly-His 
(III) 
NH2 H2N 
H H 
Spermine 
(IV) 
Figure 1.19 (l-IV) 
Highly functionalized macrocycles can be designed by considering 
the properties of macrocyclic polyamines which arises mainly from the 
composite nitrogen donor and their basicities119. For example very 
distorted metal complexes could be constructed due to extraordinary 
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macrocyclic stabilities. There are reports ' that metal ions bigger than 
the expected cavity size of the macrocycles lie out of the macrocyclic 
basal plane and chelation/coordination is achieved by distorting the 
geometry. Reaction intermediate or reaction transition states are 
extremely reactive molecules may also be designed. In other words, new 
metal catalysts of metallo enzyme model may be easily tailored from the 
basic macrocyclic structures119. 
It is apparent that the structural variations that occurs between 
individual macrocyclic ligands tends to be reflected in a predictable 
manner by the respective log k values for metal complex formation. Thus, 
for example, the individual log k values show the expected dependence 
on the nature of the donor set present122. The magnitude of a particular 
log k value tends to be strongly influenced by the number of secondary 
nitrogen donors present in the corresponding ligand. If one restricts 
comparison to mixed oxygen-nitrogen donor system having identical back 
bone structure, then the log k values for the complexes of a given metal 
with ligand strongly reflects the number of nitrogen present in the 
respective mixed donor sets which are in accord with the expected weak 
donor capacity of ether oxygen towards the metal ions123"128. 
A free amide is a weak coordinating group due to weakly basic 
amide oxygen atom and weak acidity of hydrogen. This results in weak 
complexation at that site. On the other hand substitution of nitrogen 
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bound hydrogen by a metal ion should create a very strong bond. 
However, the very weak acidity of hydrogen (pKa 15)129,130 implies that 
alkali and alkaline earth metal ion will not effect its removal. Transition 
metals are more effective as compared to alkali and alkaline earth metals 
but suffer metal ion hydrolysis and precipitation in neutral and basic 
solutions131. To avoid this hydrolysis an effective anchor ligand (primary 
ligating site) bound to metal ion is required to inhibit metal ion 
hydrolysis131. If a macrocycle does not contain amide bonds, amine 
groups within the ring or terminal groups, drastic condition are needed 
for complex formation. 
HN NH 
HN NH 
Cyclam 
(I) 
HN NH 
HN NH 
Monoxocyclam 
(II) 
HN NH 
HN NH 
Dioocyclam 
(III) 
Figure 1.20(1-111) 
Polyamine macrocycles possess cavity capable of providing a 
favourable environment for transition metal ions132. The strength of the 
ion binding is determined by ion size, macrocyclic cavity size, and ligand 
conformation133,134. Typically the 14-membered tetraamine macrocycles 
cyclam, monooxocyclam, and dioxocyclam (mono- and di-amide 
28 
macrocycles) (Figure 1.20 I-III) incorporate metal ions into their cavities 
and form a stable square planer complex with several configurations134,135 
like that known for porphyrins and corrins. Macrocydic oxopolyamines are 
unique metal chelators, their structure bears dual features of macrocydic 
polyamines and oligopeptides136"139. The oxopolyamines owing to their 
important biological functions and some unusual properties have been 
extensively studied and structural features are well recognized136"140. The 
two amido groups in macrocydic dioxotetramines are equivalent when 
coordinated to 3d metal ion, amido groups get deprotonated 
simultaneously140 as the presence of a non-deprotonated or a singly 
deprotonated complex is unlikely139. 
Certain macrocydic polyamines can enclose alkali and alkaline earth 
metal ions140,141. In contrast, oligopeptides such as triglycine (Figure 1.21 
I) and tetraglycine (Figure 1.21 I I and III) complex with a very limited 
number of metal ions i.e. Cu(II), Ni(II), Co(II) and Pd(II) and the 
resulting complex dissociate easy and fast142,143. 
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Complexation studies115,116, 144"146 with variety of macrocyclic oxo-
polyamines in reference to oxo free polyamines have led to the 
conclusion that the macrocyclic oxo-tetraamine, in general, are more 
selective than oxo free systems in interaction with metal ions. 
A combination of amide groups and soft donors (e.g. sulfur donors) 
in the macrocyclic skeleton accommodates only noble metal ions, Pt(II) 
and Pd(II), but not the common transition metal ions147,148. The stability 
of the complexes formed varies with the ring sizes, which are more stable 
than the corresponding peptide complexes. The thermodynamic stability 
of the macrocyclic system is suggested to result from the unusual slow 
dissociation (or substitution) rates. It is well recognized that organic 
amide group stabilize high oxidation states of metal ions when 
coordinated with the deprotonated nitrogens. The Cu(III) and Ni(III) 
macrocyclic complexes, in general, are kinetically more stable and hence 
their lives are longer than peptide complexes112. A fundamental 
knowledge of oxo-(mono/di) macrocyclic complexes have been found 
applicable in the oxygenase model149 and the superoxide dismutase 
model150,151. Their distinctive properties have found wider scope of 
chemical and biochemical applications153 in fields such as selective metal 
ion transport, as redox enzymes models and stabilization of unusual 
oxidation states of metal ions152. Subsequent deprotonation of the amide 
protons give the stable macrocyclic complexes153. Although mono-, di-
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and tri-amide macrocycles derived from cyclam are now well 
known, however those bearing exclusively amide donor groups 
(i.e. tetraamide macrocycles) are quite rare. The possibility of 
effecting metal insertions into polyamide macrocycles free of 
any accessible donor groups is usually, difficult and this has 
been one of the reasons hindering the development of this area. 
Margerum and Rybka have reported153,154 the detailed study of a 
macrocyclic tetrapeptide complexation (Figure 1.22 I) with copper(II). 
This important contribution demonstrated that metal insertion to give a 
tetraamido-N complex is possible for a macrocyclic tetraamide. In this 
system metal insertion was performed in the presence of aqueous sodium 
hydroxide using freshly precipitated Cu(OH)2. Similar approach adopted 
by Collins and co-workers for effecting metal insertion into macrocyclic 
tetraamides (Figure 1.22 I I , III) reported by them was not successful for 
any of the first row metals from chromium to copper155. They have 
reported the reactions of these macrocycles with the divalent metals 
including chromium156, manganese157,158, iron159, cobalt160, nickel161, and 
copper162. The key features of their method included the use of an 
anhydrous solvent (THF), low temperature when bases strong enough to 
decompose THF are employed, strong bases to deprotonate the ligand 
prior to metal addition and the use of divalent transition metal salts which 
have some solubility in THF155. The tetraamido-N ligands are strongly 
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donating upon tetra-deprotonation and resistant to oxidative destruction. 
The isolation and characterization of several higher oxidation state metal 
complexes implied that the macrocydes possess the property of being 
compatible with strongly oxidizing coordination environments. Such 
ligands would allow the isolation and characterization of the reactive 
intermediates formed at the reaction transition states in the 
homogeneous catalytic oxidation processes157,162. 
o 
II i n 
Figure 1.22(1-111) 
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Chapter 2 
SYNTHESIS AND CHARACTERIZATION OF NOVEL 16-MEMBERED [N6] 
MACROCYCLES, DIBENZO[c,k][1,6,7,9,14,15JHEXAAZACYCLOHEXADEC-
ANE[2,5,8,10,13,16]HEXAONE AND [1,6,7,9,14,15JHEXAAZACYCLOHEXA-
DECANE[2,5,8,10,13,16]HEXAONE DIHYDROCHLORIDE, WITH HEXA-
AMIDE FUNCTIONS: A MIMIC TO SYNTHETIC CYCLIC HEXAPEPTIDE 
Chapter 2 
Introduction 
The coordination chemistry of the polyazamacrocycle has attracted 
attention of countless number of researchers in view of their ability to 
encapsulate not only the metal ions in varying oxidation states but also the 
anionic species like simple organic as well as inorganic anions such as 
succinate, CI", NO3" and complex anions1. The presence of large number of 
amine groups in such molecules may allow the modulation of their 
coordinative properties through nitrogen functionalization. It has been 
shown that nitrogen methylation produces significant changes in cation and 
anion binding features2"6 of polyazamacrocycles. In particular, methylation of 
secondary nitrogens leads to a decrease of the thermodynamic stability2,4,5 
of their metal complexes due to the poorer sigma(a) donor ability of tertiary 
amine groups. 
Peptide-amide bonds of oliogopeptides and proteins are generally 
built up from the a-carboxylic and amino groups of two amino acids in 
adjacent positions. Coordination chemistry of these peptides have been 
thoroughly studied7,8. Metal binding in such molecules is generally described 
via the coordination of the terminal amino group and subsequently, the 
deprotonated amide nitrogens to form stable five membered linked chelate 
rings. 
48 
The synthesis of highly functionalized macrocyclic receptors is an 
important initial step in the investigation of molecular recognition properties 
of these large ring compounds9"13. Condensation reaction14"17 between a 
diamine and ethylenediaminetetraacetic (edta) dianhydride or 
diethylenetriaminepentaacetic (dtpa) dianhydride produce 
dioxopolyaza cycloalkanes with different ring sizes and with a different 
number of pendant carboxymethyl groups. These macrocyclic ligands form 
nonionic metal chelates with bivalent and trivalent metal ions14,15, 
respectively, whose X-ray studies have shown that a novel geometry around 
the metal ion is formed18"21 as a consequence of the introduction of amide 
group in the ring system. The partial double bond character of the c—N bond 
in an amide group decreases the flexibility of the macrocyclic ring and 
defines the conformation of the ligands. Introduction of an additional 
functional group in the macrocycles is expected to create a higher steric 
constraint in the resulting macrocycles. 
These macrocycles impart an enhanced kinetic and thermodynamic 
stability to the resulting metal chelates and henceforth, have become highly 
valued as supporting ligands for the synthesis of not only the monomeric 
and homopolynuclear but also the heteropolynuclear complexes22. Ligands 
with pendant amide groups, -CH2CONH2, are particularly interesting because 
they can form complexes in which the IMH2 group can remain protonated and 
the metal coordination of the —CH2CONH2 group occurs through the carbonyl 
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oxygen. The NH2 groups may undergo deprotonation and so coordinate to 
metal ion from the deprotonated amide nitrogen. The latter may provide a 
strong metal binding site. The coordination behaviour exhibited by such 
moieties is comparable to that of the -CONH group reported7 for small 
peptides. 
Template synthesis employing ring-closure reaction between transition 
metal polyamine complexes, formaldehyde and suitable C-H or N-H acids 
(as locking fragments) are also reported23. Among the recent advances in 
this field is the use of new types of C-H and N-H padlocks, such as 
diethylmalonate and barbituric acid24,25 or primary amides and 
sulfonamides26, respectively. The amides and sulfonamides have 
proved more effective as locking fragments than the primary 
amines due to the higher acidity of their N-H protons which causes 
them to be significantly more reactive towards formaldehyde. I t has 
been shown that simple inversion of nitrogen- bearing functions in the 
template and the padlock in such reactions {i.e. use of coordinated 
secondary amide, formaldehyde and amine) can lead to a very attractive 
route to obtain amide-containing macrocyclic or acyclic open-chain ligand. 
Coordination compounds with the above mentioned ligands have been under 
through investigations27, in particular, due to the remarkable ability of amide 
macrocyclic donors to stabilize high oxidation states of transition metal ions 
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and because of the extensive use of mononuclear amidato complexes as 
"building blocks" for polynuclear assemblies. 
Condensation of non-coordinated -NH2 containing moieties of the 
hydrazide groups with simple aliphatic aldehydes has been reported28 to 
produce macrocydic compound containing tetraamide functions. There are 
reports29 for the synthesis of uncoordinated free macrocydic ligand via Schiff 
base condensation reactions of dialdehyde and the appropriate linear di- or 
tri-amine derivatives in the absence of metal ions (non-template procedure). 
In non-template procedure cyclization is facilitated only under high dilution 
condition and in some cases presence of H+ ion was necessary for the 
precipitation of a stable salt of the macrocydic ligand. Functionalized polyaza 
macrocycles with pendant arms or exocyclic substituents are also 
reported30,31 which exhibited flexibility and possessed big cavity sizes to 
effectively, encapsulate large cations or metal ions. Macrocydic 
dioxotetraamines are unique chelators for some transition metal ions. They 
bear the dual structural features of macrocydic polyamines and 
oligopeptides and have many interesting properties and important functions. 
The strength of metal ion binding in these macrocycles is determined by the 
ion size, macrocydic cavity size and ligands conformation. Owing to stabilize 
the higher oxidation states of some transition metals, these moieties have 
been developed32"34 as effective oxidants and biomimetric redox catalysts. 
Furthermore, some of these compounds have been used to construct 
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supramoleculesJb' . Macrocyclic polyamine containing one, two and three 
carbonyl function37 whose structures bear dual features of macrocycle 
polyamines and oligopeptides show more selectivity as compared to carbonyl 
free systems. The non-template synthesis of a few free tetraaza macrocycles 
modified with four carboxy! function have been reported from this 
laboratory38,39. It was considered worthwhile to carry out the synthesis of a 
relatively less known hexaaza macrocycles possessing cyclic hexaamide 
functions which may mimic the synthetic cyclic hexapeptide, and to 
investigate reactivity of such moiety with transition metal salts and their 
derivative complexes. 
This chapter describes the synthesis and characterization of novel 16-
membered functionalized hexaaza macrocycles, dibenzo[c,k]-
[lAy^W/lBjhexaazacyclohexadecane^SAlO^BAGlhexaone (L1) and 
[l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone dihydro-
chloride (L2-2HCI). 
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EXPERIMENTAL 
Reagents Used 
Semicarbazide hydrochloride, phthalic acid and succinic acid all (s.d. 
fine Chem. Ltd., India), cone, hydrochloric acid (35%, specific gravity 1.18, 
molarity 11.33), dimethyl formamide (DMF), dimethyl sulphoxide (DMSO), 
dioxane ail (E. Merck, India) were commercially pure used as received while 
phthalic anhydride and succinic anhydride all (s. d. fine chem. Ltd., India) 
were purified by sublimation. Commercial methanol was purified and dried 
by reported40 method. 
Preparation of Macrocyclic ligands 
The present macrocyclic ligands have been synthesized employing 
condensation reactions of dicarboxylic acids or the corresponding anhydride 
with semicarbazide hydrochloride in DMF-methanol mixture as described 
below: 
Dibenzo[c,k][l,6,7,9,14,15]hexaazacyclohexadecane[2,5A10,13,16]-
hexaone (L1) It was synthesized as following: 
Phthalic anhydride (10.4 g, 70 mmol) dissolved in DMF (50 mL) was 
added dropwise to a warm solution of semicarbazide hydrochloride (7.81 g, 
70 mmol) dissolved in DMF-methanol (150:100 mL) with continuous stirring. 
The reaction mixture was then heated under reflux for 6 hours and 
concentrated to 1/10 of the initial volume giving precipitate which was 
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filtered off, washed thoroughly with 4-5 portions of 10 mL methanol and 
hexane and dried in vacuo to give a white crystalline compound (L1), (m.p. 
252-254 °C, Yield 15 g, 52%). The compound was recrystallized from DMF 
(m.p. 254-256 °C). 
The alternative method where phthalic acid has been used also produced L1 
as below: 
Phthalic acid (11.63 g, 70 mmol) dissolved in 50 mL methanol was 
added to a warm solution of semicarbazide hydrochloride (7.81 g, 70 mmol) 
dissolved in DMF-methanol (150:100 mL) mixture with continuous stirring. 
The reaction mixture was then heated under reflux for 6 hr and 
concentrated to 1/10 of the initial volume. The resulting solid was filtered off 
washed with methanol as above and dried in vacuo (m.p. 252-254 °C, Yield 
13.6 g 47%). The white crystalline compound was recrystallized from DMF 
giving needle shaped crystals (m.p. 254-256 °C). 
[l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone 
dihy- drocholoride (L2 2HCI) 
The analogous procedure described above was not able to give a 
workable yield of the final product for the reaction of semicarbazide 
hydrochloride with succinic anhydride or succinic acid, however, a slight 
modification by carrying out reaction in presence of mineral acid HCI has 
afforded a good yield of the product as below: 
Semicarbazide hydrochloride (3.4 g, 30 mmol) dissolved in 15 mL 
water was taken in a flask to which cone. HCI (3 mL) was added with stirring 
and the temperature was maintained near to room temperature. This 
solution was further diluted with 90 mL dioxane. Succinic anhydride (3 g, 30 
mmol) dissolved in 15 mL dioxane was added dropwise to the above solution 
over a period of ca. 1 hr with stirring at room temperature. The reaction 
mixture was additionally stirred overnight at room temperature, which gave 
microcrystalline solids. The solid compounds were filtered off, washed 
thoroughly with dioxane and hexane and dried in vacuo, (m.p. 156-158 °C, 
Yield 8.9 g, 77%). The microcrystalline product was recrystallize from 
methanol (m.p. 158-160 °C). 
The reaction of succinic acid (3.5 g, 30 mmol) with semicarbazide 
hydrochloride (3.4 g, 30 mmol) dissolved in DMF-methanol mixture as above 
has also afforded colourless microcrystalline solids (m.p. 156-158 °C, Yield 
8.8 g, 75%). ^ - - < > 
Physical Measurements ^ / . Q , " r j n ;** , '^ t 
IR spectra were recorded as KBr discs on a Perkin Elmer model 
spectrum GX, and XW NMR spectra were recorded in DMSO-d6 on a Bruker 
DRX-300 spectrometer using SiMe4 as internal standard. Electronic spectra 
of solution in DMSO were recorded on a Cintra-5 GBS UV-Visible 
spectrophotometer. FAB mass spectrum was recorded on a JEOL SX 102/DA-
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6000 at 10 KV accelerating voltage spectrometer using m-nitrobenzyl alcohol 
(NBA) matrix and Argon as the FAB gas. The matrix peaks were indicated at 
m/z = 136, 137, 154, 289, 307. Conductivities of 1 mmolar solution in DMSO 
were measured using Systronics conductivity bridge 305 at room 
temperature. Results of microanalyses for C, H and N were obtained from 
the Micro-Analytical Laboratory of the Central Drug Research Institute, 
Lucknow, India. 
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RESULTS AND DISCUSSION 
The macrocycle dibenzo[c,k][l,6,7,9,14,15]hexaazacyclohexadecane-
[2,5,8,10,13,16]hexaone has been obtained employing condensation 
reaction of semicarbazide hydrochloride salt with phthalic anhydride at 
refluxing temperature. The use of corresponding dicarboxylic acid in place of 
phthalic anhydride has also afforded identical product. However, the 
analogous condensation reaction using succinic acid or its anhydride with 
semicarbazide hydrochloride did not prove fruitful, as an unidentified golden 
yellow coloured oily mass has always formed at the end of the reaction. A 
modified procedure has been adopted where a mineral acid i.e. cone. HCI is 
used during the condensation reaction which has resulted in a good yield 
(-75% yield) of the final product as a stable solid compound. There are 
reports35 which describes that in non-template procedures for cyclization of 
amine into macrocycle, the presence of mineral acids, in general, help in the 
formation of stable salts of the macrocycle. The presence of mineral acids as 
priori of condensation reaction has been proved to enhance the yield also as 
its presence checks the various unwanted side reactions including 
polymerization etc. It appears that the cyclization process is more feasible 
when the macrocyclic ring has an aromatic substituents (R = C6H4) as in L1 
in comparison to that when the macrocycle has a non-aromatic substituents 
[R = (CH2)2] as in L2. This may reasonably be rationalized in terms of the 
planarity of the macrocyclic ring which is easily achieved in L1 relative to L2. 
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The presences of non-aromatic substituents sometimes create a strain in the 
molecular framework resulting in a low stability of macrocyclic ligands. This 
seems plausible in view of the reports30,31 that aromatic rings as endocyclic 
substituents help in maintaining an extra stability vis a vis planarity of the 
ring compared to macrocycle with non-aromatic substituents. 
The analytical data for L1 [Found %C = 52.67, %H = 3.40, %N = 
20.47 calculated for CisH^NeOe: %C = 52.68, %H = 3.41, %N = 20.48] and 
for L2-2HCI [Found %C = 30.90, %H = 4.10, %N = 21.65 calculated for 
QoHieCbNgOe: %C = 31.00, %H = 4.13, %N = 21.70] (Table 2.1) are 
consistent with the proposed molecular formulae of the present macrocycles. 
It is quite possible that the cyclization may result in either isomer A or B or a 
mixture of both. It is difficult to differentiate the two isomeric forms on the 
basis of routine physico-chemical data like analytical, IR, ^ NMR etc. Thin 
layer chromatography (TLC) of L1 spotted on a Si02 plate has always 
indicated the movement of only one spot on elution with CH3OH-DMF 
(50:50) mixture (the only eluent in which the spot moved from its original 
position). It may be concluded that the final product does not contain any 
mixture but has only one isomer (A or B). The FAB mass spectrum of L1 
recorded in m-nitrobenzyl alcohol (NBA) matrix exhibited molecular ion peak 
[L*H]+ (m/z = 411) with ~10% relative abundance (Table 2.1) and a peak at 
(m/z = 206) with 30% relative abundance consistent with [L/2 H]+ molecular 
ion. The appearance of a peak (~10% relative abundance) at 153 is 
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probably due to the formation of biphenyl cation [(C6H5)2]+ as one of the 
fragmentation products from the ligand. The formation of various fragments 
and some of the addition products with the matrix fragments have appeared 
in the spectrum viz. [LH]+ (m/z = 411), [L/2 H]+ (m/z = 206), [C6H5-CO-
NH]+ (m/z = 120), [C6H5-CO-NH-CO-NH]+ (m/z = 163), [NBA + NH- CO-
NH2]+ or [CeHs-NH-CO-NH-CO-CeHsf (m/z = 284), [(C6H5)2]+ (m/z = 154) 
from thermal cleavage (Table 2.1) supports the proposed molecular formula 
(mol. wt. = 410) of the macrocycle, dibenzo[c,k][l,6,7,9,14,15]hexaazacy-
clohexadecane[2,5,8,10,13]hexaone (L1). The appearance of [l_72 H]+ 
fragment peak (m/z = 206) indicates the cleavage of the macrocydic 
molecule (L1) into two equal halves which is more probable through the 
hydrazine N-N bonds. This information, therefore, strongly supports the 
formation of isomer A. The formation of isomer B via 2+2 cydization 
mechanism as shown in Figure 2.1 is less likely in view of the symmetry 
requirements. 
The observed molar conductivities for L1 (Am = 4 cm2 ohm"1 mol"1) and 
for L2-2HCI (Am = 25 cm2 ohm"1 mol"1) in DMSO solution suggest a non-
electrolytic nature of these compounds in solution. The non-electrolytic 
nature of the dihydrochloride salt of the macrocycle (L2-2HCI) exhibited in a 
high dielectric constant (s = 46) strong ionizing DMSO solvent indicates that 
the salt does not ionize or dissociate in the solution to produce the counter 
anion CI" and the macrocydic cation [L2-2H]2+. The CI" ion is strongly 
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attached with the macrocyclic cation in such a way that it remained 
encapsulated in the cavity of [L2-2H]2+ cation. This behaviour is usually 
exhibited by macrocyclic moieties which have flexible cavities. There are 
reports1 that protonated form of polyaza macrocycles like 
[l,4,7,10,13,16]hexeazacyclooctadecane, [1,5,9,13,17,21]hexaazacycloocta-
tetracosane and [1,5,9,13,17,21,25,29]octaazacyclodotricontane also 
produce stable encapsulated derivatives with various organic as well as 
inorganic anions such as succinate, CI", NO3", CIO4" and a few complex 
anions1. The encapsulation of CI" ion in the present macrocyclic ligand can 
be illustrated as shown in Figure 2.2. 
IR spectra (Table 2.1) of L1 and L2-2HCI exhibit absorption 
frequencies assignable to the fundamental [v(N-H), v(N-N), v(CO-NH-CO) 
and v(R-CO-N)] stretching vibrations41. The appearance of two widely 
separated v(N-H) frequency bands at 3346 and 3266 cm"1 is possibly due to 
the presence of two different types of amido groups, (-CO-NH-CO-) and 
(-N-NH-CO-), in the macrocyclic moiety. The bands for v(C-O-C) and 
v(C=0) stretching vibrations characteristic of dicarboxylic acid anhydride 
reported41 as a singlet at 1287 and a doublet at 1854 and 1779 cm"1, 
respectively, and for v(O-H) stretching vibration characteristic of -C02H 
group reported41 in (3600-3400 cm"1) region were not observed. The 
appearance of new bands of medium intensity at (1748, 1683), 1784, and 
1023 cm"1 (Table 2.1) confirm the condensation reaction between the 
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dicarboxylic acid or its anhydride with semicarbazide hydrochloride 
preferably, via a 2+2 cyclization (Figure 2.1) resulting in a 16-membered 
cyclic hexaamide/hexapeptide macrocycle. 
The electronic spectrum of L1 in DMF showed a strong band at 304 
nm or 32894 cm"1 (e = 3409 lit mol"1 cm"1) and two shoulders one at 293 nm 
or 34129 cm"1 and the other at 338 nm or 29585 cm"1. The macrocycle 
L2-2HCI exhibited a strong broad band at 265 nm or 37735 cm"1 (s = 2182 lit 
mol"1 cm"1). The strong (A,max) band (Table 2.1) may be assigned to the 
excitation of non-bonded electrons at carbonyl oxygen (HOMO) to an 
antibonding TT* (LUMO) orbital i.e. (TT* <- n) transition of the amide (-CO-
NH-) moiety38. The ^ NMR spectrum of L1 recorded in DMSO-d6 contained 
multiplets centered at 7.90 ppm (8H) for aromatic protons and two broad 
signals centered at 8.54 ppm (2H) and 6.40 ppm (4H) characteristic of NH 
protons belonging to two different environments, (CO-NH-CO) and (CO-
NH-NH-CO), respectively. The JH NMR spectrum of a cyclic tetrapeptide, 
cyclo-(p-alanylglycyl-p-alanylglycyl) is reported42 to exhibit signals for 
protons on the peptide nitrogens at ~7.0 ppm. For L2-2HCI the spectrum 
contained only one signal at 2.5 ppm (Table 2.1) due to aliphatic - (ChbV 
protons only. The NH protons signals do not appear in the spectrum, 
probably due to occurrence of a rapid proton exchange between the 
complex cation [L2-2H]2+ and the encapsulated counter anion (Figure 2.2). 
The spectroscopic data discussed above are consistent with the formation of 
the macrocyclic hexaamide ligands L1 and L2-2HCI as shown in Figure 2.1. 
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Table 2.1: Physico-chemical and spectroscopic data of Dibenzo[c,k]-
[l,6,7,9,14,15]hexaazacYclohexadecane[2,5,8,10,13,16]hexaone (L1) 
and [l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone 
dihydro- choloride (L2 2HCI) 
Analytical and molar conductance data 
L1 
%C %H %N 
Observed 52.67 3.40 20.47 
Calculated for Ci8H14N606 52.68 3.41 20.48 
L22HCI 
Observed 30.90 4.10 21.65 25.0 
Calculated for CioHi6CI2N606 31.00 4.13 21.70 
Important IR bonds and their assignments 
L1 
Band assignments 
Band positions 
L22HCI 
Band assignments 
Band positions 
A m (cm2 ohm"1 mol"1) 
4.0 
v(N-H) v(R-CO-N-) v(CO-NH-CO) v(N-N) v(C^) 
3346 s 1784 m 1748 s 1023 m 1576 s 
3266 s 1683 s 1540 m 
v(N-H) v(R-CO-N-) v(CO-NH-CO) v(N-N) 
3365 s 1780 m 1745 s 1015 m 
3265 s 1680 s 
Resonance peaks (ppm) observed in 1H NMR spectra and their 
assignments 
L1 
Peak assignments C6H4 -OC-NH-CO- -OC-NH-NH-CO-
Peak positions 7.90 m (8H) 8.54 b,s (2H) 6.40 b,s (4H) 
L22HCI 
Peak assignment (CH2)2 -OC-NH-CO- -OC-NH-NH-CO-
Peak position 2.0 -
UV-Visible 
L1 ^ m a x =304 nm or 32894 cm"1 (S - 3409 lit mol"1 cm"1) 
L2 HCI A.max=265 nm or 37735 cm"1 (S = 2182 lit mol"1 cm"1) 
Ion abundance for ligand and its fragmentation * peak observed in 
FAB mass spectrum of L1 
m/z %Abundance Assignments 
_ _ 
[L/2 H]+ 
[C6H5-CO-NH]+ 
[C6H5-CO- NH-CO-NH]+ 
[NBA + NH-CO-NH2]+ 
or 
[C6H5-NH-CO-NH-CO-C6Hs]+ 
154 95 [(C6H5)2]+ 
*m-nitrobenzyl alcohol was used as the matrix for FAB recording which give its own 
peaks at [m/z = 136, 137, 154] 
411 
206 
120 
163 
284 
10 
30 
20 
100 
30 
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Chapter 3 
REACTIVITY OF THE MACROCYCLIC LIGANDS TOWARDS METAL SALTS AND 
THEIR DERIVATIVE COMPLEXES 
INTRODUCTION 
The chemistry of metal complexes with chelate ligands containing 
nitrogen, oxygen or sulfur biting sites has been extensively studied1 in 
order to mimic reactions in the redox function of various metalloenzymes 
in living system and in the formation and reactivity of dioxygen in 
synthetic, industrial and biological processes. The redox-active metal 
complexes, for example, copper (II) complexes with salen and related 
Schiff bases as synthetic chemical nucleases or DNA damaging agents2,3 
have also been investigated. For a specific metal ion, the main factors 
that determine the redox properties include the nature and the 
arrangement of donor atoms around the metal which determines the 
ligand field, and other structural characteristics of the ligands such as the 
flexibility of the metal bonding site and the nature and the position of 
substituents. 
Electrochemical investigations4 carried on solutions of a number 
of transition metal macrocyclic complexes provide evidences in favour of 
formation and stabilization of unusual lower as well as higher oxidation 
states by these macrocycles in solutions. The magnitude of the reversible 
electrode potential, E°i/2 of the redox couple Cu(II)/Cu(I) observed5,6 in 
the range -1.4 to -0.3 for Cu(II)-Schiff base complexes has been 
assigned to the stabilization of lower +1 of oxidation state of copper by 
the ligand moiety. However, polyaza ligands containing deprotonated 
amide groups, in general, stabilize +3 oxidation state of copper. They 
72 
exhibit formation of redox couple Cu(II)/Cu(III) in solution depending 
upon various factors including the ring size of the macrocycle. Polyaza 
ligands containing deprotonated amide groups (which are strong 
a-donors) e.g. oligopeptides2"4, oxaamide7"10 and oxamates10,11 
tend to stabilize the +3 oxidation state of copper. From these points of 
view macrocyclic ligands which bear the dual feature of amides 
and Schiff bases are of great interest. 
The first synthesis of functionalized hexaaza cobalt (III) cage 
complex was achieved by treating [Co(sen)]3+ [sen = 4,4',4"-ethylidynetris 
(3-azabutan-l-amine)] with formaldehyde and a carbon acid bearing 
ester groups12. In this template synthesis an amide functional group has 
been incorporated into the framework of a cage ligand by condensing a 
coordinated amine with an ester as part of the capping of a Co(III) 
tripodal complex. Similar reactions using carbon acids containing an 
aldehyde or ketone functional group have also been used to prepare 
imine-functionalized cage complexes13,14. Three types of functionalized 
cage complexes were prepared utilizing this synthetic procedure12 which 
include cages containing amide and amidine functions and the other 
having both functional groups. The synthesis of functionalized cage 
complexes is of interest because, the presence of a coordinated 
functional group has been shown to modulate the physical properties of 
the complex15. In addition, amide-bearing ligands have stabilized higher 
oxidation states in peptide and macrocyclic square-planar complexes of 
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copper, nickel and cobalt metal ion . Synthesis of amide cage ligands 
is, therefore, of importance not only to stabilize the oxidation state but 
also to stabilize the whole coordination entity within the cage framework. 
In some Cu(II) complexes with amide-based ligands, amide 
oxygen atoms coordinate the central metal ion in acidic media. However, 
in basic media, deprotonated amide nitrogen atoms coordinate the metal 
ion19. The dependence of coordination mode on pH of reaction medium 
has been demonstrated on the basis of spectral and magnetic 
investigations on Cu(II)-(24edtaen)H4 complex. It has been shown that 
the amide groups alter their coordination mode with pH, and the resulting 
binuclear species exhibit characteristic spectral and magnetic properties 
that reflect the coordination mode. There are numerous reports on the 
coordinating behaviour of amide group ligands towards metal ions. Amide 
groups, therefore, provide two alternate binding sites, the oxygen or the 
nitrogen atom for complexation of metal ions depending upon the 
conditions of reactions. Macrocycles incorporating pendant amide donor 
groups along with donor sites like amine or sulfur groups have also been 
extensively studied. However, studies on the metal complexes of 
macrocycles bearing exclusively amide donor sets are limited. This may 
be due to the reason that the preparation of ring compounds through 
amide bond formation is usually difficult20. Moreover, the difficulty of 
effecting metal insertion into polyamide macrocycles free of accessible 
donor atoms is suggested to be one of the primary obstacles hindering 
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the development of this area . Macrocydic dioxotetraamines have been 
developed21"23 as effective oxidants and biomimetic redox catalyst in some 
of their complexes have been effectively used to design 
supramolecules24'25. Condensation of diamines with dicarbooxylic acid 
anhydrides have been shown to produce tetraoxotetraaza 
macrocycles26,27. The tetraaza macrocycles modified with four endocyclic 
carbonyl functions, mimics of synthetic cyclic tetrapeptide, possess a 
higher flexibility relative to corresponding tetraaza macrocycles and are 
capable to fit in and stabilize metal ions in their lower oxidation states 
such as Co(I) and Cu(I) ions28. Analogous condensation reactions of 
diamines with ethylenediaminetetraacetic(edta) dianhydride as well as 
with diethylenetriaminepentaacetic(dtpa) dianhydride are 
reported29,31'35,36 to produce dioxo polyaza cycloalkanes with different ring 
sizes and with a different number of pendant carboxy methyl groups 
depending on the chain length of the diamine. Single crystal X-ray 
analyses of the resulting metal complexes have shown the formation of a 
novel coordination geometry around a central metal ion as a consequence 
of the introduction of amide group in the macrocydic ring system29"34. 
In chapter 2 synthesis and characterization of novel polyaza 
macrocycles modified with hexaamide functions namely, dibenzo[c,k]-
[l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone L1 and 
[l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone dihydro-
chloride [L2-2HCI] have been discussed. 
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This chapter describes the results of the studies on the reactivity of 
the macrocyclic hexamides towards the metallic substrates e.g. CrCI2, 
MnCI2.4H20, FeCI3, Coa2.6H20, NiCI2.6H20, CuCI2.2H20, PdCI2, K2PtCI4/ 
RuCI3, ZnCI2, CdCI2.H20, HgCI2 and a few derivative complexes 
[M(Ph3P)2CI2] (M = Co, Ni, Pt, Pd, Ru, Zn, Cd or Hg) yielding novel metal 
encapsulated macrocyclic complexes. These complexes have been 
characterized using usual physico-chemical and spectral techniques. 
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PART A 
SYNTHESIS AND CHARACTERIZATION OF COMPLEXES OF THE 
MACROCYCLE,DIBENZO[c,k][1,6J,9J4,15]HEXAAZACYCLOHEXA-
DECANE[2,5,8,10,13,16]HEXAONEWTTH 3d-M ETAL IONS: 
ENCAPSULATION OF Cr(ll); Mn(ll); Co(ll); Ni(ll); Cu(ll) AND Fe(lll) IONS 
$S36 ? 
EXPERIMENTAL 
Reagents used 
Metal salts, CrCI2 (Orient Phrama and Chemicals, India), 
MnCI2.4H20 (s. d. fine Chemicals, India), FeCI3 (Ranbaxy, India), 
CoCI2.6H20 (B.D.H., India), NiCI2.6H20 (E. Merck, India) and CuCI2.2H20 
(E. Merck, India) and the reagents, acetic anhydride (B.D.H., India) and 
glacial acetic acid (B.D.H., India) were commercially pure used as such. 
Solvents were purified and dried before use by litrature37 method. The 
precursors [Co(PPh3)2CI2] and [Ni(PPh3)2CI2] were prepared according to 
reported methods as below: 
Preparation of the Precursors 
Preparation38,39 of dicholorobis(triphenylphosphine)cobalt(II), 
[Co(PPh3)2CI2] and of dicholorobis(triphenylphosphine)-
nickel(II), [Ni(PPh3)2CI2]: 
CoCI2.6H20 (1.19 g, 5.0 mmol) or NiCI2.6H20 (1.19 g, 5.0 mmol) 
dissolved in minimum amount of water (~2 ml_) was dispersed in 25 ml 
hot glacial acetic acid, triphenylphosphine (2.62 ml_, 10.0 mmol) 
dissolved in 50 ml_ glacial acetic acid was added dropwise to the above 
hot solution while stirring and the solution was heated for ~1 hr. The 
microcrystalline solid separated out of the mother liquor was filtered off, 
washed with glacial acetic acid followed by ether and dried in vacuum 
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desiccator [m.p. 224-226 °C for [Co(PPh3)2CI2], literature m.p. 225 °C; 
m.p. 244-246 °C for [Ni(PPh3)2CI2], literature m.p. 244 °C]. 
Preparation of metal complexes of the macrocycle L1 
Preparation of Crl^Ch I 
A methanolic solution of CrCI2 (0.25 g, 2 mmol) was added 
dropwise to a solution of L1 (0.82 g, 2 mmol) in 20 ml_ warm DMF with 
continuous stirring. The reaction mixture was then heated under reflux 
for 6 hr, concentrated to 5 ml_ and then cooled to room temperature. 
Dark green coloured precipitate formed was separated by decanting off 
the mother liquor, washed with minimum amount of methanol and dried 
in a desiccator [m.p. 108-110 °C, Yield 0.4 g, 38%]. 
Preparation of MnL1CI2 I I 
MnCI2.H20 (0.40 g, 2 mmol) dissolved in 15 ml_ methanol was 
added dropwise to the ligand L1 (0.82 g, 2 mmol) solution in 20 mL DMF 
with constant stirring. The reaction mixture was heated to reflux for 6 hr 
and then concentrated. Solid was formed on cooling the reaction mixture 
to room temperature which was filtered off, washed with methanol and 
dried in a desiccator [m.p. 258-260 °C, Yield 0.35 g, 33%]. 
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Preparation of Fel^Cb I I I 
The ligand L1 (0.82 g, 2 mmol) was dissolved in 20 ml_ warm DMF 
to which a methanolic solution of FeCI3 (0.33 g, 2 mmol) was added 
dropwise with continuous stirring. The reaction mixture was stirred 
additionally for 48 hr at room temperature and then concentrated to 5 mL 
on steam bath. It was then poured in methanol-ether (15 mL:20 mL) 
mixture producing brown coloured solid which was separated by filtration, 
washed with methanol and ether and dried in vacuo [m.p. 254-256 °C, 
Yield 0.62 g, 54%]. 
Preparation of Col^C^ IV 
It was prepared following a similar procedure given above by 
reacting L1 (0.82 g, 2 mmol) in hot DMF with methanolic solution of 
CoCI2.6H20 (0.48 g, 2 mmol). The reaction mixture was concentrated to 5 
mL and poured to methanol-ether mixture as above which gave blue 
coloured solid. The solid was filtered off, washed with methanol followed 
by ether and dried in vacuo [m.p. > 360 °C, Yield 0.45 g, 41%]. 
Preparation of NiL^Cfe V 
The complex has been obtained by reacting NiCI2.6H20 (0.48 g, 2 
mmol) with ligand L1 (0.82 g, 2 mmol) in the manner as described above 
which has finally yielded light green coloured compound [m.p. > 360 °C, 
Yield 0.63 g, 58%]. 
80 
Preparation of Cul^Cb VI 
The complex has been prepared in an analogous manner as 
described above by reacting equimolar amount of CuCI2.2H20 (0.34 g, 2 
mmol) and L1 (0.82 g, 2 mmol) under hot condition. The reaction mixture 
was refluxed for about 6 hr and solution was concentrated. Addition of 
methanol followed by ether gave a dark green coloured solid which was 
filtered off, washed with methanol followed by ether and dried in vacuo 
[m.p. 244-246 °C, Yield 0.49 g, 45%]. 
Reactions of the ligand L1 with the precursors [M(PPh3)2Cl2] (M 
= Co or Ni); isolation of metal complexes CoL^Ch V I I and Nil/Ch 
V I I I 
[Co(PPh3)2CI2] (1.30 g, 2 mmol) or [Ni(PPh3)2CI2] (1,30 g, 2 mmol) 
dissolved in DMF/methanol was reacted with L1 (0.82 g, 2 mmol) in hot 
DMF. The reaction mixture was then refluxed for 6 hr. It was 
concentrated to 1/3 of the initial volume, cooled to room temperature 
giving precipitate which was filtered off, washed with DMF and acetone 
then dried in vacuo [m.p. >360 °C, V I I Yield 0.46 g, 42%; V I I I Yield 
0.62 g, 57%]. 
The filtrate and washing of the above reaction were mixed, then 
vacuum dried. It was extracted in acetone. The acetone extract was 
evaporated under vacuum which produced colourless microcrystalline 
solids (m.p. 79 °C, Yield ~1 g ~4 mmol i.e. 2 mole equivalent of the 
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precursor). This colourless crystalline solid has been identified as free 
PPh3 from analytical and spectroscopic data [Found %C = 82.40, %H = 
5.70; Calculated for Ci8H15P %C = 82.44, %H = 5.72, JH NMR 5 (6.8-
7.2), IR 1600 s, 1450 m, 700 s]. 
Analogous reactions of the macrocydic ligand L2-2HCI 
[l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone 
dihydrochloride with metal chlorides as well as with precursors have 
invariably produced unreacted starting materials or in some cases only 
traces of products which could not be well characterized due to 
impurities. 
Physical Measurements 
IR and *H NMR spectra of complexes were recorded, respectively, as KBr 
disc on a Carl Zeiss Specord M-80 spectrophotometer and in DMSO-d6 on 
a Jeol-lOOX spectrometer with TMS as internal standard at room 
temperature. The X-band EPR spectra of polycrystalline samples were 
recorded on a Varian E-112 spectrometer which were calibrated with 
DPPH (g = 2.0037) at room temperature. Electronic spectra and molar 
conductivities of 1 mmolar solutions of complexes in DMSO were 
recorded on a Pye-Unicam 8800 spectrophotometer and Systronics 
Conductivity Bridge 305, respectively, at room temperature. Magnetic 
susceptibilities were determined at 20 °C using a Faraday balance 
calibrated with Hg[Co(NCS)4]. Results of microanalyses for C, H and N 
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were obtained from the Central Drug Research Institute, Lucknow, India, 
excepting metals and halogens which were determined by reported 
methods40. 
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RESULTS AND DISCUSSION 
Reactivity of Macrocyclic Ligands 
The macrocyclic ligand, 
dibenzo[c,k][l,6,7,9,14,15]hexaazacydohexadecane[2,5,8,10,13,16]hexaone 
(L1) has reacted efficiently with the metal salts, MCI2 (M = Cr, Mn, Co, Ni, 
Cu), FeCI3 as well as the precursors [M(PPh3)2CI2] (M = Co, Ni) giving a 
good yield of the products according to the reactions given below by the 
equations (3.1)-(3.3): 
MCI2 + L1 -> Ml}C\2 3.1 
FeCL3 + L1 -» Fe^Cb 3.2 
[M(PPh3)CI2] + L1 -> M^CIz + 2PPh3 3.3 
However, reactions of the macrocyclic ligand 
[I,6,7,9,l4,l5]hexaazacyclohexadecane[2,5,8,10,l3,l6]hexaone 
dihydrochloride [L2-2HCI] with these metallic substrates have not provided 
a workable amount of the corresponding products. This ligand, therefore, 
does not show any significant affinity towards metal ions even under 
reflux condition. This may be rationalized as following: the presence of 
aliphatic substituents -(CH2)2 in L2-2HCI which is known to be less rigid or 
flexible in comparison to aromatic substituents (C6H4) in macrocycle (L1) 
may result in a twisted structure {vide chapter 2). The twisting, probably, 
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disturbs the appropriate orientation of polyaza biting sites ' to such an 
extent that these sites are unable to generate a suitable cavity to 
encapsulate the metal ions i.e. Cr(II), Mn(II), Co(II), Ni(II), Cu(II) and 
Fe(III). It may not be ruled out that twisting may also cause the non-
availability of the carbonyl groups of the hexaamide functions in the 
macrocycle L2-2HCI as alternative binding sites to bind metal ions. 
However, the aromatic (C6H4) substituents in L1, exerts rigidity, 
effecting a planarity of polyaza biting sites such that these are in 
approximately one basal plane of the entire macrocyclic framework which 
provides appropriate cavity to bind or chelate efficiently the metal ions 
resulting in metal encapsulated complexes. 
Analytical data (Table 3.1) are consistent with the stoichiometry of 
the complexes as CisHnNeOeMCb [M = Cr I, Mn I I , Co IV, Ni V or Cu 
VI] and Ci8Hi4N606FeCl3 I I I . Reactions of the precursors [M(PPh3)2CI2] 
(M = Co or Ni) with the macrocyclic ligand L1 are accompanied with a 
complete liberation of the ancillary ligand, triphenylphosphine, from the 
precursors affording products with stoichiometry Ci8Hi4N606MCl2 [M = Co 
VI I or Ni V I I I ] . The products V I I and V I I I are identical to the 
corresponding IV and V (Table 3.1) suggesting that the two are 
chemically identical species. The observed magnitude of molar 
conductivity (Am) measured in DMSO at room temperature indicates a 
non-electrolytic nature for the complexes I, I I , IV, VI and V I I . However, 
complexes I I I , V and V I I I behave as 1:1 electrolyte as the magnitude of 
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their molar conductivity (Am) is comparable to that of a standard 1:1 
electrolyte in this solvent43. The Am data are therefore, compatible with 
the formulations of the complexes as [Ml^Cb] (M = Cr, Mn, Co, Cu), 
[Fe^CbjCI and [NiL^blCI (Table 3.1). 
IR Spectra 
IR spectra of the complexes I -V I , V I I and V I I I (Table 3.2) 
contained fundamental frequencies characteristic of the ligand moiety. 
There is no significant shift in the positions of v(N-H) stretching 
frequencies in the complexes relative to that observed in free ligands. 
However, the fundamental v(N-N) stretching frequency is negatively 
shifted (~15 cm"1) to a lower wave number compared to that observed in 
free uncoordinated macrocydic ligand. This observation indicates that N-
H proton of the amide/peptide moiety in the free ligand is hydrogen 
bonded with the carbonyl oxygen (intramolecular as well as 
intermolecular manner) and, henceforth its position is unaffected after 
complexation. The appearance of two widely separated (-75 cm"1) 
fundamental v(N-H) frequencies in the complexes is consistent with the 
non-identical nature of the amido groups i.e. (-CO-NH-CO-) and (—N-
NH-CO-) of the macrocycle which persists even after chelation. 
Moreover, the NH protons of the amide/peptide functions do not get 
deprotonated in the complexation process. This behaviour of the present 
ligand is different to that reported44 for synthetic di- and tri-peptide 
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moieties where coordination of metal ions is invariably accompanied with 
the deprotonation process of the amide/peptide nitrogens. The 
encapsulation of metal ion via coordination through nitrogen atoms of the 
hexaamide/hexapeptide moieties has been ascertained from the 
appearance of band of medium intensity at -400 cm"1 (Table 3.2) which 
is assignable to v(M-N) bond frequency45 in the complexes. 
Magnetic Susceptibility and Ligand Field Spectra 
The approximate geometry around the metal ions encapsulated in 
the macrocyclic cavity has been ascertained from magnetic susceptibility 
and ligand field spectral studies as discussed below: 
The observed magnetic moment iien = 5.0 B.M. for I (Table 3.3) is 
within the range expected for a d4 system in an octahedral environment 
of weak ligands field. The magnitude of the magnetic moment is different 
from that known51 for spin-only moment ((j,so) for four unpaired electrons 
(4 upe) of Cr(II) ion i.e. d4 system. This is due to the presence of spin-
orbit (S-L) coupling interaction in the molecule. The UV-Visible spectrum 
spectrum of I exhibited two well resolved low intensity bands (Table 3.3) 
in the visible region assignable to d-d transitions in addition to the high 
intensity bands for ligand %* <- n and M <- L charge transfer (CT) 
transitions observed in high energy (UV) region of the spectrum. The 
ground state of Cr(II) with d4 configuration in a weak octahedral 
environment is 5Eg which normally shows a broad absorption band46 
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characteristic of 5T2g <- 5Eg transition. The presence of an octahedral field 
of lower symmetry around metal ions may cause the splitting46 of this (d— 
d) band into two or three weak intensity bands. There are four identical 
basal nitrogens of the amide/peptide moiety to coordinate with Cr(II) ion 
but coordination from counter ion CI at the axial position of the 
octahedral geometry (Figure 3.1) may cause a ligand asymmetry thus 
lowering the symmetry from perfect Oh geometry for the complex I. The 
observed two bands for I are, therefore, the split components of 5T2g <-
5Eg which are assigned9 as 5B2g <- 5Big and 5Aig «- 5Big (Table 3.3). The 
presence of spin-orbit coupling may also split the ligand field band. 
However, the separation of the two bands observed here is ~5797 cm"1 
which is too large to arise from this effect {c.f. spin-coupling coefficient of 
Cr(II) is only -55 cm"1). 
The observed magnetic moments of [MnL^Cb] I I and [Fel^ ChJCI 
I I I lie in the range 1.5-2.2 B.M. (Table3.3) which reflects that both the 
complexes are low-spin with incompletely quenched orbital moment 
having t25 (s = 1/2) configuration. Such complexes are, in general, not 
common entity. Low-spin Mn(II) and Fe(III) complexes are normally 
produced by the ligands with a high value of ligand field strength (A0) or 
10 Dq which may give rise to the doublet ground state. The pairing 
energy of Mn(II) is high and a few of the strong ligands like cyanide and 
isocyanide as in [Mn(CN)6]4", [Mn(CN)5NO]3" and [Mn(CNR)6]2" are known 
to accomplish this47. However, a few low-spin Mn(II) and Fe(III) 
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complexes of anionic tridentate (N,N,N) donors and hexadentate-
dioxime-azo ligands have been, recently, reported48. The room 
temperature magnetic moments of these complexes span in the range48 
1.8-2.3 B.M. The ligand field spectrum of I I contains strong, very broad 
band with two humps spanning from UV to near visible (300-400 nm) 
region arising from 7i* <- n transition48 of the amide moiety in the 
macrocyclic ligand and L <- M charge transfer [L(CT) <- d7t(Mnn)] 
transitions. The allowed d-d transition expected in the visible region is 
probably merged with the tail of the strong CT band and hence could not 
be identified. However, an additional broad band with two overlapping 
humps centered at -500 nm (20080 cm"1) and 570 nm (17513 cm"1) 
(Table 3.3) has been observed in the low energy region of the spectrum 
for [FeL^cyCI I I I which may reasonably be assigned to the allowed 
transition46 from a doublet ground state (2T2g) to the next doublet (2Eg) 
exited state i.e. 2Eg <- 2T2g transition of a low-spin Fe(III) ion in an 
octahedral environment as shown in Figure 3.1. The UV-Visible spectra of 
IV and V I I are identical exhibiting two well resolved strong absorption 
bands in the UV region and three relatively weak absorption bands in the 
visible region of the spectrum (Table 3.3). The intense high energy bands 
are due to n* <- n and CT transitions. The low energy bands of weak 
intensity are characteristic of the ligand field (d-d) transitions in an 
octahedral geometry. The lowest free ion 4F term of Co(II) ion splits in 
octahedral ligand field giving ^ ^ ( F ) as the ground state. The spin-
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allowed transitions are 4A2g(F) <- *Tig(F) and '''TigCP) <- ^lgCF) (Table 
3.3). The observed multiple nature of the former has been inferred49 to 
be due to spin forbidden transitions from the quartet ground state ^ligif) 
to the doublet exited state derived from 2G free ion terms i.e. 2Tig(G) <-
^lgCF)- T n e observed magnetic moment (neff = 3.0) (Table 3.3) for 
complexes IV and V I I are less than the theoretically estimated \xso value 
(jiso = 3.88 B.M.) for 3 unpaired electrons on Co(II) ion in an octahedral 
weak ligand field. The ground state term for Co(II) ion in weak 
octahedral crystal field is ^^ (F) . The magnetic properties of complexes 
with T ' ground terms depends critically on the presence of low symmetry 
ligand field component and t2g electron derealization {i.e. orbital 
contribution). It is well known that, in general, the orbital contribution to 
the magnetic moment increases the magnitude of magnetic moments 
effecting an increase in the magnitude from the calculated \xso value such 
that it lies in the range 4.3-5.2 B.M. However, presence of low symmetry 
ligand field created by a departure from octahedral geometry of the 
complexes has a pronounced effect on the magnitude of magnetic 
moment. When the magnitude of low symmetry ligand field component is 
larger than that of the spin-orbit coupling constant, the observed |j.eff 
value ultimately approaches near the spin-only (JJ,SO) value. This effect is 
a consequence of further quenching of orbital angular momentum 
associated with the ground (t2g) levels. The magnitude of magnetic 
moment for spin-paired d7 system with two unpaired electron is expected 
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at -1.8 B.M. with 2Eg ground state term50 with a considerable orbital 
contribution to the magnetic moment. However, this magnitude is much 
lower than that observed for the complexes IV and V I I henceforth rule 
out its possibility. The possibility that the complex is somewhere between 
a high-spin and low-spin-state i.e. with an equilibrium high-spin <-> low-
spin (spin-crossover point) may not be ruled out51. 
The observed netr values (Table 3.3) for the complexes V and V I I I 
are 3.30 B.M and 3.24 B.M. respectively, which is comparable to that 
reported51 for Ni(II) complexes with d8 configuration in an octahedral 
geometry (Figure 3.5). However, the observed magnitude is slightly 
higher (-15%) from the calculated [iso (spin-only moment) required for d8 
system with 2 unpaired electrons (2 upe) in an octahedral geometry. This 
is due to the presence of spin-orbit coupling which is known to have a 
considerable contribution for later transition metal ions. The UV-Visible 
spectra for these complexes exhibited three well resolved absorption 
maxima in the low energy region assignable to ligand field (d-d) 
transitions for the complexes. The spectra also contained bands in the 
near UV region (high-energy region) characteristic of the n* <- n 
transition of the ligand as well as Metal <- Ligand charge transfer 
excitation (Table 3.3). The low energy ligand field bands (Table 3.3) in 
these complexes arise due to the spin-allowed excitations from 3A2g(F) 
ground state to 3T2g(F) and 3Tig(F) exited states. The additional weak 
band observed at -20000 cm"1 (not shown in the table) is due to the spin 
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forbidden ^g <- 3A2g transition which has, probably gained intensity 
through configurational interaction with 3Tig(F) level52. However, the 
origin of this band as a consequence of splitting by spin-orbit coupling or 
the effect of lower symmetry environment may not be ruled out53. The 
complex [CuL^cy VI does not dissolve fairly in polar as well as non polar 
solvents, but, is only sparingly soluble in DMF. The UV-Visible spectrum 
exhibited a weak broad band spanning 500-800 nm (20000-12500 cm"1), 
due to d-d excitation, 2T2g «- 2Eg of Cu(II) ion (d9 system) in the 
presence of an octahedral crystal field. The magnetic susceptibility 
measurement of the complex shows that it is only feebly paramagnetic 
and the observed magnetic moment value (jueff = 0.8 B.M.) is lower 
compared to the calculated value for one unpaired electron (\xso = 1.83 
B.M.) for the d9 configuration of the Cu(II) ion. This could be due to the 
presence of a strong antiferromagnetic interaction in a manner that the 
net spin approaches to zero and the ground state energy level becomes 
singlet. This type of interaction is reported54 to exist in cupric acetate 
which is a dimer and the two Cu ions are held apart from each other 
through the cage of acetate ligand molecules at a distance comparable to 
the sum of ionic radii of Cu(II) ions. The next exited state is a triplet state 
which is only -300 cm"1 above the singlet ground state. However, at 
room temperature triplet exited state also gets populated such that the 
magnetic moment never drops to zero. The singlet ground state cf the 
binuclear Cu(II) complexes46 is believed to arise predominantly from 
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direct overlap of 3d-3d orbitals between pairs of Cu atoms resulting in a 
metal-metal bond. In adducts [Cu2(RC02)4L2] (L = amine based ligands) 
the amine type terminal ligands has a remarkable effect on a singlet-
triplet energy level separation and is sensitive to the Cu-N bond type in 
the adducts. The unusual low paramagnetism (ueff = 0.8 B.M.) for 
present Cu(II) complex VI suggests that the (Cu-Cu) distance is close 
enough to result in a greater extent of interaction for the unpaired spins 
on each copper centers55,56. Furthermore, complex VI has not shown any 
EPR signal at room temperature as well as at temperature near liquid 
nitrogen supporting the above suggestion. 
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Table 3.1: Colour, melting points, analytical data and molar conductance 
Code 
L1 
I 
II 
III 
IV 
V 
VI 
VII 
VIII 
Compound 
L1 
[Cit'CU 
[MnL!CI2] 
[FeL'cyCI 
[CoL^y 
[NiL l^jCI 
CuL'Cb 
[Co^cy* 
[NiL'Cip* 
Colour 
White 
Dark 
Green 
White 
Brown 
Blue 
Light 
Green 
Dark 
Green 
Blue 
Light 
Green 
Empirical formula 
(Formula weight) 
Ci8Hi4N606 
(410) 
C18H14N606CrCI2 
(533) 
C18H14N606MnCI2 
(536) 
C18H14N606FeCI3 
(572.4) 
Ci8H14N606CoCI2 
(539.9) 
C18H14N606NiCI2 
(539.7) 
Ci8HMN606CuCI2 
(544.5) 
Ci8H14N606CoCI2 
(539.9) 
C18H14N606NiCI2 
(539.7) 
C 
52.77 
(52.68) 
40.49 
(40.53) 
40.25 
(40.30) 
37.69 
(37.73) 
39.95 
(40.00) 
40.00 
(40.02) 
39.62 
(39.66) 
39.97 
(40.00) 
40.00 
(40.02) 
Analysis % found (calculated) 
H 
3.48 
(3.41) 
2.60 
(2.63) 
2.55 
(2.61) 
2.40 
(2.44) 
2.51 
(2.59) 
2.56 
(2.59) 
2.50 
(2.57) 
2.51 
(2.59) 
2.57 
(2.59) 
N 
20.97 
(20.48) 
15.72 
(15.76) 
15.60 
(15.67) 
14.62 
(14.67) 
15.52 
(15.55) 
15.51 
(15.56) 
15.39 
(15.42) 
15.53 
(15.55) 
15.52 
(15.56) 
M 
9.73 
(9.76) 
10.21 
(10.25) 
9.72 
(9.75) 
10.90 
(10.91) 
10.86 
(10.88) 
11.62 
(11.67) 
10.89 
(10.91) 
10.84 
(10.88) 
CI 
13.30 
(13.32) 
13.20 
(13.25) 
18.58 
(18.61) 
13.11 
(13.15) 
13.13 
(13.16) 
13.01 
(13.04) 
13.10 
(13.15) 
13.13 
(13.16) 
Am** 
4 
41 
1 
61 
18 
64 
Insoluble 
18 
65 
Calculated values in parentheses 
*Products obtained from reactions with precursors; ** cm2 ohm"1 mo!"1 
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Table 3.2: Important frequencies (cm1) observed in the IR spectra of the 
complexes and their assignments 
"Compounds v(N-H) vQKIW-) v(CO-NH-CO) v(N-N) v(M-N) v(C6H^T 
L1 3346 s 1784 m 1748 s 1023 m 
1792 m 1747 vs 1007 m 395 m 
II 3348 s 1790 m 1747 s 1006 w 400 m 
III 3347 s 1791 w 1748 vs 1008 w 395 m 
IV 3349 m 1790 vw 1748 s 1007 m 395 m 
3266 s 
3348 s 
3272 m 
 
3269 s 
 
3271m 
3279 w 
3348 m,br 
3279 m 
3350 m 
3270 s 
3348 m 
3280 m 
3350 m 
3279 m 
CO N C  
 
1683 s 
v  
1680 s 
 
1682 vs 
v  
1681s 
s 
1686 w 
1747 vs 
1680 s 
1721 vs 
1690 m 
1748 s 
1686 w 
1748 vs 
1680 s 
1796 vw  vs 1110 m 410 m 
VI   1790 w  vs 1009 w 410 m 
VII  1790 vw  s 1007 w 395 m 
VIII   1794 vw  vs 1009 m 410 m 
vs = very strong, s = strong, m = medium, w = weak, vw = very weak, br = broad. 
1576 s 
1540 m 
1585 s 
1532 m 
1580 s 
1529 m 
1588 s 
1530 m 
1596 s 
1540 m 
1584 s 
1530 m 
1587 m 
1535 s 
1595 s 
1541m 
1585 s 
1530 m 
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Table 3.3: |ieff (B.M.) and electronic spectral data of the compounds and their 
assignments 
Compounds fxeff(B.M.) Band Position (cm^Xe) lVr}* Band Assigments IQDqjcm1) 
L1 
I 
II 
III 
IV 
VI 
VII 
VIII 
32894(2817) 
5.0 31250, 27777(2617,2997) 
23310(185) 
17513(123) 
2.19 32467,31250(2278,2356) 
1.54 31250, 27027(2132,2417) 
20080(228) 
17513(169) 
3.22 30303,28011(2512,2822) 
20746(275) 
16366(272) 
14814(279) 
3.30 30769,28169(2412,2621) 
24937(779) 
20746(711) 
14471(419) 
0.8 20000-12500 
3.20 30864,28089(2501,2712) 
19193(275) 
16366(272) 
14814(278) 
3.24 30959,28089(2430,2596) 
25000(780) 
20746(715) 
14492(415) 
n* <~ n 
7i* 4- n + CT 
B2g <~ Big 
Alg <~ Big 
7i* <- n + CT 
7i* <- n + CT 
% <- 2T2g 
2Eg <- 2T2g 
7c* <- n + CT 
2T l g (G)<-%(F) 
2T lg(G)^-4T lg(F) 
TC* <- n + CT 
3Tig(P) <- 3A2g 
^ig(F) <- 3A2g 
3T2g(F) <- 3A2g 
2T2g <- 2Eg 
JI* <- n + CT 
%,(?)<-'TlgCF) 
2 T i g ( G ) ^ % ( F ) 
T^igCG) <- *Tlg(F) 
n* <- n + CT 
3 T m \ . 3A 
'2g 
JTig(P)<-3A; 
*-
3A; 
' l g l U * - A2g 
^ ( F ) * - 3 ^ 
20100 
7976 
8839 
*Lit mol cm i ,-~,-i 
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PARTB 
SYNTHESIS AND CHARACTERIZATION OF COMPLEXES OF THE 
MACROCYCLE,DIBENZO[c,kJ][1,6J7,9,14,15]HEXAAZACYCLO. 
HEXADECANE[2,5,8,10,13,16]HEXAONE WITH HEAVIER TRANSITION 
METAL IONS: ENCAPSULATION OF Pd(ll); Pt(ll); Ru(ll) AND Ru(lll) 
EXPERIMENTAL 
Reagents used 
The metal salts PdCI2 (Ubichem Ltd., Hampshire), K2PtCI4 
(SISCO, India), RuCI3 (Johnson-Matthey, England) and 
triphenylephosphine (SISCO, India) were commercially pure samples, 
used as received. Solvents were purified and dried before use by 
literature methods37. 
PREPARATION OF THE PRECURSPORS 
Preparation57 of dichlorobis(acetonitrile)palladium(II) 
[Pd(CH3CN)2CI2] 
PdCI2 (0.71 g, 4.0 mmol) was stirred with 60 ml_ of acetonitrile 
till it dissolved to give yellowish brown solution and then refluxed for lhr. 
The solution was cooled in an ice bath, 30 mL petroleum-ether was 
added to this cooled solution giving yellow coloured solids, which was 
filtered off, washed with petroleum-ether and dried in vacuo[m.p. 170-
172 °C, literature m.p. 171 °C]. 
Preparation57 of dichiorobis(triphenyiphosphine)paliadium(II) 
[Pd(PPh3)2CI2] 
[Pd(CH3CN)2Cl2] (0.27 g, 1 mmol) prepared as above was 
suspended in 25 mL acetone to which triphenylphosphine (0.54 g, 2 
mmol) dissolved in 20 mL acetone was added dropwise with continuous 
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stirring over a period of 20 minutes under nitrogen at room temperature. 
The solution was then reduced to a small volume under reduced pressure 
and diluted with ether to give a yellow precipitate which melts at 298-
300 °C (dec.) literature m.p. 298-300 °C. 
Preparation58 of dichlorobis(triphenylphosphine)platinum(II) 
[Pt(PPh3)2CI2] 
Triphenylphosphine (1.14 g, 4.34 mmol) was dissolved in 
minimum amount of xylene which was added dropwise to a stirred 
solution of I^ PtCU (0.6 g, 1.46 mmol) taken in 15 mL methanol. The 
reaction mixture was then refluxed for 6 hr. The white solid formed was 
filtered off, washed with xylene followed by methanol and dried in vacuo 
[m.p. 309-311 °C, literature m.p. 310-312 °C]. 
Preparation59 of dichlorotris(triphenylphosphine)ruthenium(II) 
[Ru(PPh3)3CI2] 
A solution of triphenylphosphine (5.3 g, 20.24 mmol) in 40 mL 
methanol was added to a solution of RuCI3 (0.7 g, 3.37 mmol) in 200 mL 
methanol with continuous stirring at room temperature. The reaction 
mixture was refluxed for 3 hr under dry nitrogen atmosphere. On cooling 
dark reddish- brown shining crystals formed, which were filtered off, 
washed with methanol and dried in vacuo [m.p. 131-133 °C literature 
m.p. 132-134 °C]. 
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Reactions of dibenzo[c,k,][lA7A14,15]hexaazacyclo-
hexadecane[2,5,8,10,13,16]hexaone, L1 with K2PtCI4, PdCfe and 
RuCI3 
Preparation of [PtL1]CI2 IX 
A solution of the macrocyclic ligand L1 (0.41 g, 1 mmol) 
dissolved in 20 mL DMF was added dropwise to a 15 mL methanolic 
solution of K^ PtCU (0.42 g, 1 mmol) with stirring at room temperature. 
The reaction mixture was then refluxed for 6 hr and then cooled to room 
temperature which gave gray coloured solid product. The product was 
filtered off, washed with DMF followed by methanol and dried in vacuo 
[m.p. >360 °C, Yield 0.4 g, 59%]. 
Preparation of [PdL^Cfe XI 
It has been obtained following the procedure stated above i.e. 
ligand L1 (0.41 g, 1 mmol) dissolved in 20 mL DMF has been added 
dropwise to a solution of PdCI2 (0.18 g, 1 mmol) in 25 mL methyl cyanide 
with continuous stirring. The reaction mixture was heated to reflux for 10 
hr and then concentrated to ~5 mL on a steam bath. Dark coloured solid 
compound was formed which was filtered off, washed with DMF followed 
by methyl cyanide and dried in vacuo [m.p. >360 °C, Yield 0.35 g, 59%]. 
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Preparation of [Rul/C^CI X I I I 
The ligand L1 (0.41 g, 1 mmol) dissolved in 20 ml_ DMF was 
reacted with a solution of RuCI3 (0.21 g, 1 mmol) dissolved in 20 ml_ 
methanol with continuous stirring. The reaction mixture was heated to 
reflux for 16 hr and then concentrated on a steam bath. On cooling dark 
gray solid precipitated out of the solution which was filtered off, washed 
with methanol and dried in vacuo [m.p. 160-162 °C, Yield 0.41 g, 66%]. 
Reaction of the macrocyclic ligand 
dibenzo[c,k,][l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,-
13,16]hexaone, L1 with the precursors [M(PPh3)2CI2] (M = Pt or 
Pd): isolation of metal complexes [PtL^Cb X and [PdL^Cfe X I I 
A solution of [M(PPh3)2CI2] (M = Pt or Pd) (lmmol) in 
chloroform/THF was dropped to the solution of the ligand L1 (0.41 g, 1 
mmol) in 20 mL of DMF with stirring. The reaction mixture was refluxed 
for ~6 hr then concentrated through evaporation on a steam bath. On 
cooling to room temperature solid compound separated out of the mother 
liquor which was filtered off, washed with DMF followed by 
chloroform/THF and dried in vacuo [X m.p. >360 °C, Yield 0.41 g, 60%, 
XI I m.p. >360 °C, Yield 0.35 g, 59%]. 
The mother liquor and washings were mixed together, dried 
under vacuum and the residue was extracted in acetone. The acetone 
extract was again dried in vacuo which gave colourless microcrystalline 
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solids (m.p. 78-80 C). The colourless crystalline solid has been identified 
as free PPh3 from IR and analytical data (see chapter 3 A). The amount 
of free PPh3 (~0.5 gf ~2 mmol) obtained here has indicated a complete 
removal from the precursor during the course of its reactions with the 
macrocyclic ligand L1. 
Reaction of the macrocyclic ligand L1 with the precursor 
[Ru(PPh3)3CI2]: isolation of metal complex [Rul/CU] XIV 
[Ru(PPh3)3CI2] (0.96 g, 1 mmol) dissolved in 30 mL 
dichloromethane was added dropwise to the stirred solution of ligand L1 
(0.41 g, 1 mmol) in 20 mL DMF at room temperature. The reaction 
mixture was refluxed for 6 hr and then concentrated on a steam bath, 
which on cooling to room temperature has afforded solid compounds. 
The solid was filtered off, washed with DMF followed by dichloromethane 
and then dried under vacuum [m.p. 165-167 °C, Yield 0.38 g, 65%]. 
Here, too, the mother liquor and washings have provided 
colourless, microcrystalline solids [m.p. 78-80 °C) similar to that stated 
above and the amount of the PPh3 (~0.7 g, ~3 mmol) collected here is in 
accordance with a complete liberation from the precursor. 
All such reactions using the macrocyclic ligand, L2-2HCI have 
been futile as at the end only unreacted starting materials have been 
isolated. 
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Physical Measurements 
IR and 1H NMR spectra of complexes were recorded, respectively, 
as KBr disc on a Carl Zeiss Specord M-80 spectrophotometer and in 
DMSO-d6 on a Jeol-lOOX spectrometer with TMS as internal standard at 
room temperature. The X-band EPR spectra of polycrystalline samples 
were recorded on a Varian E-112 spectrometer which were calibrated 
with DPPH (g = 2.0037) at room temperature. Electronic spectra and 
molar conductivities of 1 mmolar solutions of complexes in DMSO were 
recorded on a Pye-Unicam 8800 spectrophotometer and Systronics 
Conductivity Bridge 305, respectively, at room temperature. Magnetic 
susceptibilities were determined at 20 °C using a Faraday balance 
calibrated with Hg[Co(NCS)4]. Microanalyses were obtained from the 
Central Drug Research Institute, Lucknow, India, excepting metals and 
halogens which were determined by reported methods40. 
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RESULTS AND DISCUSSION 
The heavier transition metal derivatives K2PtCI4, PdCI2, RuCU as 
well as the complexes [M(PPh3)2CI2] (M = Pt or Pd) and [Ru(PPh3)CI2] 
react efficiently with the macrocydic ligand L1, 
dibenzo[c/k][l,6/7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone/ 
resulting in products in good yields of according to the reactions given by 
equations (3.4) and (3.5). 
K2PtCI4 + L1 -» Ptl^ Cfc + 2KCI 3.4 
PdCI2 + L1 -> Pd^Cb 3.5 
However, the macrocydic ligand L2-2HCI, [1,6,7,9,14,15]-
hexaazacyclohexadecane[2,5,8,10,13,16]hexaone dihydrochloride does 
not show any reactivity towards these metallic substrates even under 
reflux condition similar to that observed for its reaction with earlier 
transition metal derivatives (see Chapter 3 A). Here too, the twisted 
molecular configuration of L2-2HCI is probably responsible for its unusual 
weak encapsulating or chelating/coordinating capability. The coordinating 
characteristics of this ligand is apparently weak and incapable to provide 
suitable sites for coordination to metal ions unlike to that observed for 
the dibenzo analogue i.e. 
dibenzo[c,k][l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hexaone 
(L1). The presence of aromatic endocyclic substituents in the macrocycle 
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may have an effect on the overall molecular framework because of the 
rigid planarity5 of the aromatic substituents. This may bring some of the 
polyaza biting sites in L1 to lie approximately on the basal plane of the 
macrocycle to encapsulate or chelate efficiently the metal ions. The metal 
ions as well as the chelating aza groups are in the basa! plane of the 
macrocyclic ring. 
Reactions of K2[PtCI4], PdCI2 and RuCI3 with L1 in 1:1 mole ratio has 
produced final products whose analytical data (Table 3.4) are consistent 
with the molecular formulae CisHnCbPtNeOe IX, CisHnCbPdNeOe XI and 
Ci8Hi4CI3RuN606 X I I I . The observed magnitude of molar conductivities 
(Am), (Table 3.4) for the complexes IX, XI reflect a 1:2 electrolytic 
nature compatible with the stoichiometry of the complexes as [ML^Cb (M 
= Pt IX or Pd XI) while the complex X I I I behaved as 1:1 electrolyte 
consistent with its stoichiometry as [Rul^cyci. 
Reaction of the derivative complexes [M(PPh3)2CI2] (M = Pt or 
Pd) and [Ru(PPh3)3CI2] with the macrocyclic ligand L1 have proceeded 
with a complete liberation of the ancillary PPh3 ligand from the precursor 
giving the final products whose analytical data and molar conductance 
data (Table 3.4) are consistent with the formulations as [ML^Cfe (M = Pt 
X or Pd XII) and Rul^ Cfe XIV, respectively. These products do not 
possess coordinated supporting ancillary/PPh3 ligand in the molecular 
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unit. The analytical as well as spectroscopic data for the complexes X and 
XI I are identical to that of IX and XI respectively. 
The important bands observed in the IR spectra of the complexes 
IX-XIV have been summarized in (Table 3.5). A small negative shift in 
the position of the v(N-H) stretching frequency has been observed. The 
hydrazine v(N-N) stretching frequency is shifted to a lower frequency 
with reference to that observed in the free uncoordinated macrocyclic 
ligand L1 suggesting an involvement of the aza groups in coordination to 
metal ions. The spectra also show absorption frequencies in the far IR 
region assignable45 to the fundamental v(M-N) bond stretching 
frequency. This confirms the encapsulation of metal ions in the cavity of 
the macrocycle through chelation via aza groups similar to that observed 
for early 3d transition metal ions (see chapter 3A). The observed 
diamagnetic nature of the complexes IX, X, X I , X I I is compatible with 
the d8 configuration (d2^, d2yz, d2z2, d2^ configuration) of the metal ions 
and the ligand environment around Pt(II) and Pd(II) adopts a square-
planar geometry. The UV-Visible spectra show bands which are arising 
from the M <- L charge transfer (CT) as well as the d-d transitions in the 
complexes. The positions and assignments of these bands have been 
summarized in (Table 3.6). The energy level sequence for d orbitals in a 
square planar environment is in the order46 dxz, dyz (eg) < dz2 (aig) < dxy 
(b2g) < dx2- y2 (big) which may result in three allowed d-d transitions 
assigned as d^ (b2g) -> dx2_y2 (b ig), dz2 (aig) -» dx2-y2 (big), d X Z , QyZ 
(eg) 
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-» dx2-y2 (big) in the increasing order of their energies. These transitions 
are also designated as 1A2g <- 1hig, xBig <r- ^ i g and ^ <- ^ i g transitions 
respectively. The complexes IX, X exhibit only one absorption band 
assignable to the highest energy d-d transition 1Eg <- ^ i g . However, for 
Pd(II) complexes X I , X I I bands assignable to 1Eg <- xAig and 1Big <- 1Aig 
have been observed in addition to the CY band (Table 3.6) characteristic 
of the square-planar geometry such that the metal ions Pt(II) and Pd(II), 
lie in the basal plane of the macrocyclic ring as shown in the Figure 3.6. 
Reaction of the macrocyclic ligand L1 with anhydrous RuCI3 in DMF-
methanol mixture is slow at room temperature but at reflux condition 
produces dark coloured air stable solid according to the complexation 
reaction as shown by equation (3.6). 
RuCI3 + L1 -> Rul^Cb 3.6 
The product is soluble in a high dielectric constant solvent like 
DMSO and DMF suggesting its ionic nature in solution whose molar 
conductance (Am) is in the range43 of 1:1 electrolyte consistent with the 
stoichiometry [Rul^CbjCI. Analogous reaction using the precursor 
[Ru(PPh3)3Cl2] has afforded a fairly stable compound which does not 
contain any coordinated supporting PPh3 ligand as given by equation 
(3.7). 
[Ru(PPh3)CI2] + L1 ->• Rul^Clz + 2PPh3 3.7 
no 
The product behaved as non-electrolyte in DMSO consistent with 
stoichiometry [Rul^Cb] XIV. The nature of bonding and stereochemistry 
of the ligand environment around ruthenium have been ascertained from 
magnetic susceptibility measurements and spectroscopic studies. IR 
spectra of the complexes X I I I and XIV indicate important bands 
characteristic of the macrocyclic moiety (Table 3.5). The appearance of a 
medium intensity band at -530 cm"1 is assignable to the v(Ru-N) 
stretching vibration. The appearance of some very weak notches in 200-
250 cm"1 region of the spectrum are attributable to the v(Ru-CI) 
stretching vibration suggesting an oligomerization involving halogen 
bridging60. 
The observed magnetic moment value of 1.80 B.M for X I I I (Table 
3.6) is very close to the theoretically expected |j.so (spin-only) value of 
spin-paired d5 system. The magnitude is, however, lower from that 
reported61,50 for a few reported50 Ru(III) complexes in presence of low 
symmetry ligand field. However, existence of antiferromangnetic 
interaction could not be ruled out as it is known62 to be pronounced when 
the complex oligomerizes through chlorine bridging. The electronic 
spectrum of X I I I exhibits bands at 26666 cm"1 (E = 2540 lit mol"1 cm"1), 
22624 cm"1 (e = 2351 lit mol"1 cm"1) and 17513 cm"1 (s = 1347 lit mol"1 
cm"1). The highest energy band at ~27000 cm"1 is due to Ligand (n) -» 
Metal (dm) charge transfer transition42. However, the lower energy bands 
are assignable63 (Table 3.6) to spin-allowed transitions for 2Tig, 2Aig <-
in 
2T2g and 2T2g, 2Eg <— 2T2g, respectively, for the octahedral environment 
around Ru(III) ion as shown in Figure 3.7. 
The observed diamagnetic nature of the complex [Rul^cy XIV 
confirms +2 oxidation state of metal ion with d6 configuration where all 
the spins are paired up. The UV-Visible spectrum shows band at 31250 
cm"1 (s = 2096 lit mol"1 cm"1) and 27772 cm"1 (s = 1515 lit mol"1 cm"1) are 
assigned64 to the excitation from metal (d%) to ligand (n*) charge-
transfer (CT) transition in an octahedral arrangement of ligand around 
Ru(II) ion as shown in Figure 3.8. 
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Table 3.4: Colour, melting points, % yield, analytical data and molar 
conductance (Am) of compounds 
Code Compound Colour Emperical formula Analysis % found (calculated) Am** 
(Formula weight) Q fj ^ ^ 0 
~ l x [PtL^CIz Gray C ^ H ^ P t N A 35.64 228 1180 28.80 1045 92~ 
(676.08) (35.69) (2.31) (13.88) (28.85) (10.50) 
X [PtL1 ]^* Gray C18Hi4CI2PtN506 35.66 2.30 13.82 28.82 10.46 92 
(676.08) (35.69) (2.31) (13.88) (28.85) (10.50) 
XI [PdL^CIj Grayish C18H14CI2PdN606 41.79 2.65 16.20 18.09 12.05 85 
Black (587.42) (41.82) (2.71) (16.26) (18.11) (12.09) 
XI I [PdL^Cb* Grayish Ci8H14Cl2PdN606 41.80 2.65 16.21 18.10 12.06 84 
Black (587.42) (41.82) (2.71) (16.26) (18.11) (12.09) 
XIII [RuL'cyCI Dark C18H14CI3RulM606 34.95 2.20 13.55 16.30 17.20 62 
Gray (617.57) (34.97) (2.27) (13.60) (16.37) (17.25) 
XIV [RuLk^]* Gray Ci8H14CI2RuN606 37.05 2.36 14.40 17.32 12.15 14 
(582.07) (37.11) (2.41) (14.43) (17.36) (12.20) 
Calculated values in parentheses 
•Products obtained from reactions with precursors; ** cm2 ohm"1 mol1 
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Table 3.5: Important frequencies (cm1) observed in the IR spectra of the 
complexes and their assignments 
Compounds v(N-H) ^ o ¥ ) \<CO-NH-CO) v(N-N) v(M-N) vforU) 
IX 3474 s,br 1822 m,br 1759 m 953 w 
3342 m 
X 3475 s 1820 m,br 1749 m 950 w 
3340 m 
XI 3136 vs 1807 w 1762 m 1044 w 
XII 3140 vs 1805 w 1760 m 1040 w 
1680 m 
XIII 3350 s 1792 sh 1745 vs 966 w,br 
3260 m 
XIV 3360 s 1794 sh 1744 vs 966 w 
3260 m,br 
vs = very strong, s = strong, m = medium, w = weak, vw = very weak, br = broad 
<CO N C  
1623 s 
1650 s 
1674 m 
 
 
1683 s 
 
1682 s 
515 m 
488 m 
520 m 
490 m 
558 m 
480 w 
550 m 
475 w 
532 m 
530 m 
1602 s 
1537 m 
1600 s 
1540 m 
1585 m 
1585 m 
1577 s 
1534 m 
1576 s 
1534 m 
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Table 3.6: ^ff (B.M) and electronic spectral data of the compounds and their 
assignments 
Compounds |aefr(B.M) Band Position (s)* 
(cm'1) 
Band Assignments lODg 
cm-1 
IX 
X 
XI 
X I I 
X I I I 
XIV 
Diamagnetic 
Diamagnetic 
Diamagnetic 
Diamagnetic 
1.80 
Diamagnetic 
37037 (20210) 
33333 (7510) 
36630 (20100) 
33222 (7450) 
36900 (1469) 
33444 (2263) 
25125(1080) 
36900 (1469) 
33557 (2162) 
25062 (1050) 
26666 (2540) 
22624 (2351) 
17513 (1347) 
31250 (2096) 
27777 (1515) 
CT 
'Eg <- lAig [dx2 - y2(blg) <- dxz, dyz] 
CT 
% <- % [dx2 - y2(big) <- dxz, dy,] 
CT 
'Eg <- 'Aig [dx2 - y2(blg) <- dxz, dyz] 
'Big^-Stdx2- /^)*-^^)] 
CT 
'Eg <- % g [dx2 - y2(blg) <- d a i dyz 
%9<-%g[ti-Ms)^<iz2^)] 
CT 
Tig, A i g <- T2 g 
T2g/ Eg < - T2 g 
CT 
CT 
25125 
o 2+ 
0 \ V 
-NH 
.C N, 
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O 
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PARTC 
SYNTHESIS AND CHARACTRIZATION OF COMPLEXES OF THE 
MACROCYCLES,DIBENZO[c,k][1,6,7,9,14,15]HEXAAZACYCLOHEXADECA-
NE[2,5,8)10,13,16]HEXAONE AND [1,6,7,9,14,15JHEXAAZACYCLOHEXADEC-
ANE[2,5,8,10,13,16]HEXAONE DIHYDROCHLORIDE WITH GROUP 12 METAL 
IONS: ENCAPSULATION OF Zn(ll); Cd(ll) AND Hg(ll) 
EXPERIMENTAL 
Reagents used 
The metal salts ZnCI2, CdCI2.H20 and HgCI2 (all Loba Chemie, India), 
triphenylphosphine (SISCO, India), were used as received while solvents 
were purified and dried by reported37 methods. 
PREPARATION OF PRECURSORS 
Preparation65 of dichlorobis(triphenylphosphine)zinc(II), 
[Zn(PPh3)2CI2] 
Anhydrous zinc chloride (0.68 g, 5.0 mmol) was dissolved in dry ether 
(50 mL) and it was added to a solution of triphenylphosphine (2.62 g, 
10.0 mmol) in dry benzene. Colourless shining crystalline mass started 
coming out of the solution. The solid was filtered and dried in air [m.p. 
294-296 °C; reported m.p. 295 °C]. 
Preparation66 of dichlorobis(triphenylphosphine)cadmium(II), 
[Cd(PPh3)?CI2] 
To a solution of triphenylphosphine (2.62 g, 10 mmol) in hot ethanol 
(100 mL), cadmium chloride (1.0 g, 5.0 mmol) dissolved in hot ethanol 
(50 mL) was added dropwise with stirring. On cooling colorless crystals 
appeared which was filtered off, washed with ethanol and dried in air 
[m.p. 244-246 °C; reported m.p. 246 °C]. 
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Preparation of dichlorobis(triphenylphosphine)mercury(II), 
[Hg(PPh3)2CI2] 
Mercuric chloride (1.3 g, 5.0 mmol) dissolved in hot alcohol (50 
ml_) and triphenylphosphine (2.62 g, 10.0 mmol) dissolved in hot ethanol 
(100 mL) were mixed rapidly. Colourless shining microcrystalline solid 
started coming out of the solution was filtered off, washed with alcohol 
and dried in air [m.p. 273-275 °C dec; reported m.p. 275 °C dec.]. 
Reaction of L1 with metal salts MCI2 (M = Zn, Cd, Hg): isolation of 
metal complexes: 
Preparation of [ZnL1CI2] XV 
The macrocyclic ligand L1 (0.82 g, 2 mmol) was dissolved in 10 mL 
DMF to which an ethanolic solution of ZnCI2 (0.27 g, 2 mmol) was added 
drop wise with continuous stirring at room temperature. White precipitate 
appeared within a few minutes of addition and the reaction mixture was 
stirred for ~12 hr. I t was filtered off, washed with DMF followed by 
ethanol and dried in vacuo [m.p. 278-280 °C, Yield 0.25 g, 23%]. 
Preparation of [Cdl^Ch] XIX 
The ligand L1 (0.82 g, 2 mmol) solution in DMF was reacted with a 
methanolic solution of CdCI2 (0.40 g, 2 mmol) as above. The reaction 
mixture was stirred for an additional 12 hr and the solid formed was 
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filtered off, washed with DMF followed by methanol and dried in vacuo 
[m.p. 240-242 °C, Yield 0.50 g, 42%]. 
Preparation of [Hgl^Cb] XXII I 
A methanolic solution of HgCI2 (0.54 g, 2 mmol) was added 
dropwise with continuous stirring to the ligand L1 (0.82 g, 2 mmol) 
solution in DMF (30 ml_). The reaction mixture was stirred for 24 hr. Solid 
product formed was filtered off, washed with DMF followed by methanol 
and dried in vacuo [m.p. 292-294 °C, Yield 0.49 g, 36%]. 
Reaction of L2 2HCI with metal salt MCI2 (M = Zn, Cd, Hg): 
isolation of metal complexes: 
Preparation of [ZnL2]CI2 XVI 
A methanolic solution of ZnCI2 (0.27 g, 2 mmol) was added 
dropwise to the ligand L2-2HCI (0.77 g, 2 mmol) dissolved in 30 mL 
methanol with continuous stirring. The reaction mixture was refluxed for 
24 hr and then concentrated on a steam bath to ~5 mL The solid product 
was filtered off, washed with methanol and dried in vacuo [m.p. 138-140 
°C, Yield 0.20 g, 22%]. 
Preparation of [CdL2]CI2 XX 
The ligand L2-2HCI (0.77 g, 2 mmol) dissolved in 30 mL methanol 
was reacted with a methanolic solution of CdCI2 (0.40 g, 2 mmol) as 
above. The reaction mixture was stirred for an additional 72 hr and the 
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whole content was concentrated on a steam bath to ~5 ml_. Solid formed 
was filtered off, washed with methanol and dried in vacuo [m.p. 128-130 
°C, Yield 0.92 g, 92 % ] . 
Preparation of [HgL2]CI2 XXIV 
A methanolic solution of HgCI2 (0.54 g, 2 mmol) was added 
dropwise with continuous stirring to the ligand solution L2-2HCI (0.77 g, 2 
mmol) in 30 mL methanol. The reaction mixture was stirred for 72 hr. 
Solid product formed was filtered off, washed with methanol and dried in 
vacuo [m.p. 98-100 °C, Yield 1.05 g, 89%]. 
Reactions of macrocyclic ligands L1 and L2 2HCI with precursors 
[M(PPh3)2CI2] (M = Zn, Cd, Hg): isolation of metal complexes 
[MlJciz] , (M = Zn XVII, Cd XXI, Hg XXV); and [ML2]CI2 (M = Zn 
XVI I I , Cd XXII , Hg XXVI) 
[M(PPh3)2CI2] dissolved/suspended in CH2CI2 was reacted with the 
ligand solution in DMF or methanol in 1:1 mole ration at room 
temperature with continuous stirring which was continued for about two 
days. The solid products thus formed were filtered off, washed with 
methanol followed by CH2CI2 and dried in vacuo. The filtrate and 
washings were combined and concentrated to 1/4 of the original volume 
then kept in a fridge at ca. 5 °C for five days. This has afforded colourless 
crystals (m.p. 79 °C) identified as free PPh3 from analytical and 
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spectroscopic data. The amount of free PPh3 collected corresponded 
approximately 2 mole equivalent of the precursors, suggesting the 
removal of all the PPh3 during the course of reactions. The melting points 
and analytical data for the products [XVII , XXI , XXV] and [XVI I I , 
XXI I , XXVI] have been summarized in Table 3.7. 
Physical Measurements 
IR and *H NMR spectra of complexes were recorded, respectively, 
as KBr disc on a Carl Zeiss Specord M-80 spectrophotometer and in 
DMSO-d6 on a Jeol-lOOX spectrometer with TMS as internal standard at 
room temperature. The X-band EPR spectra of polycrystalline samples 
were recorded on a Varian E-112 spectrometer which were calibrated 
with DPPH (g = 2.0037) at room temperature. Electronic spectra and 
molar conductivities of 1 mmolar solutions of complexes in DMSO were 
recorded on a Pye-Unicam 8800 spectrophotometer and Systronics 
Conductivity Bridge 305, respectively, at room temperature. 
Microanalyses were obtained from the Central Drug Research Institute, 
Lucknow, India, excepting metals and halogens which were determined 
by reported methods40. 
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RESULTS AND DISCUSSION 
The macrocyclic ligands L1 and L2.2HCI reacted efficiently with 
metal salts MCI2 (M = Zn, Cd or Hg) in 1:1 mole ratio affording stable 
solid compound whose analytical data (Table 3.7) are in agreement with 
the formulations as shown in Table 3.7. The reactions may be typified as 
given below by equation (3.8). 
MCI2 + L-xHCl -> MLCI2 + xHCI 3.8 
[x = 0, L = L1, M = Zn XV, Cd XIX, Hg X X I I I ; x = 2, L = L2, M = Zn 
XVI, Cd XX, Hg XXIV] 
Reactions of the ligands with the precursors [M(PPh3)2CI2] (M = Zn, 
Cd or Hg) have proceeded with a total liberation of the ancillary 
triphenylphosphine ligands from the precursors resulting in solid products 
with stoichiometries (Table 3.7) according to the reactions as shown by 
equation (3.9). 
[M(PPh3CI2] + L-xHCI -> MLCI2 + 2PPh3 + xHCI 3.9 
[x = 0, L = L1, M = Zn XVI I , Cd XXI, Hg XXV; x = 2, L = L2, M = Zn 
X V I I I , Cd XX I I , Hg XXVI] 
The melting points, analytical data, molar conductance as well as 
spectral characteristics (Table 3.7-3.9) were close with that of XV, XIX, 
X X I I I and XV I I , XX, XXIV which were obtained from reactions of the 
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corresponding metal chlorides MCI2 (M = Zn, Cd, Hg) with the 
macrocycles L1 and L2 respectively. 
The position of v(N-H) stretching frequency as well as of v(R-
CO-N) and v(CO-NH-CO) in the complexes did not change much from 
that observed in free macrocycles. However, the band characteristic of 
v(N-N) stretching frequency observed at ~1020 cm"1 in free macrocyclic 
ligand was shifted to a lower frequency (Table 3.8) after complexation. It 
appears that the free ligand molecule exits in hydrogen bonded form45 
involving the carbonyl oxygen of the amide (intramolecular as well as 
intermolecular manner) henceforth, no significant change in v(N-H) 
stretching vibration was indicated after complexation. The appearance of 
a band at ~400 cm"1 assignable to v(M-N) bond frequency45 is in 
agreement that encapsulation of the Zn(II), Cd(II), and Hg(II) ions in 
the macrocyclic cavity which is via chelation involving the aza sites rather 
than the oxygen atoms of the amide/peptide functions. The appearance 
of v(N-H) frequency in the complexes support that the NH protons of the 
amide moieties of the macrocyclic ligands L1 and L2 remain intact during 
the complexation process. This behavior of the ligand is different from 
the earlier reports67,68 that the synthetic tri-peptides binds or encapsulate 
metal ions only after deprotonation of the amide/peptide functions. 
The lH NMR spectra of XV, XIX, XXI I I and XVII , XX, XXIV 
(Table 3.9) were almost identical and contained the relevant resonance 
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peaks, though with a minor shift in peak positions from that observed in 
the free ligand. This minor shift may have been caused by the metal ion 
binding with the macrocycles. The electronic spectra of the complexes 
(Table 3.7) contained absorptions arising from TC* <- n transition of ligand 
as well as ligand to metal (M <- L) charge transfer excitation. The 
position of the former band is blue shifted (shifted to lower wavelength) 
compared to that observed in the free ligand. This shift of TC* <- n 
transition to a lower wavelength (or higher energy) is probably the 
consequence of drift of non-bonding electron pair towards metal ion 
which either stabilizes the non-bonding (n) energy level (HOMO) or 
destabilizes the TC* energy level (LUMO) of the carbonyl group of the 
(-CO-NH-) functions in the macrocyclic ligands. 
The present physico-chemical and spectral data confirm that the 
macrocyclic ligands used here provide a strong chelation from 
amide/peptide nitrogens to the metal ions without undergoing any 
deprotonation prior to coordination as shown in Figure 3.9. The reactions 
with precursors [M(PPh3)2CI2] (M = Zn, Cd or Hg) follow a ligand 
displacement mechanism (path) where the ancillary PPh3 ligands are 
totally released during the course of the reaction giving final products 
which do not contain any coordinated triphenylphosphine as evidenced 
from analytical, IR and 31P NMR spectral data. The 31P NMR spectra of the 
products recorded in DMSO did not show any signal confirming the 
absence of triphenylphosphine in the molecular unit of the complexes. 
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The total displacement or release of the supporting PPh3 from the 
precursor in this reaction may be due to an enhanced stability (termed as 
macrocyclic effect) of the macrocyclic ligand L1 and L2 towards the metal 
ions. Furthermore, the final products obtained here XVI I , XXI, XXV and 
XVII I , XXII , XXVI are identical in all respects to the products XV, XIX, 
XXI I I and XVI, XX, XXIV respectively, which have been isolated from 
reactions with the corresponding metal chlorides. 
The magnitude of molar conductivities (Table 3.7) recorded in 
DMSO (an ionizing solvent with dielectric constant ~46) for the 
complexes Ml^ Cfc XV, XIX, XXII I indicate a non-electrolytic43 nature of 
complexes in solution which is consistent with the molecular formula as 
[Ml^ Cfe] where L1 as well as the counter chloride ions are both involved in 
coordination to metal ions. However, magnitude of Am (Table 3.7) for the 
complexes XVI, XX, XXIV are comparable to that of a 1:2 electrolyte43 
in this solvent. This observation indicates that here the counter CI" ion is 
not involved in coordination to the metal ions is rather remained outside 
the coordination sphere in conformity with the formulation of complexes 
as [ML2]CI2. The complexes XVI, XX, XXIV therefore, ionize in solution 
to produce ionic species i.e. complex cation [ML2]2+ and 2 mole 
equivalents of the counter CI" ions which have least ion-pair formation 
tendency and behave as 1:2 electrolyte in solution. This is an interesting 
observation that the metal complexes of macrocyclic ligands L1 and L2, 
which are substituted analogues of an identical cyclic hexapeptide moiety, 
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exhibit such a diverse electrolytic nature in solution. This diversified 
nature may be rationalized on the basis of the following two factors: 
(1). The effect of the endocydic substituents (R= C6H4 or C2H4) on the 
expected planarity to provide an appropriate chelation or encapsulation of 
metal ions. 
(2). The appropriate cavity size or flexibility of the cavity to fit in properly 
the metal ions in the macrocyclic cavity. 
The molecular model consideration suggests that L1 which has a 
rigid aromatic (C6H4) substituent can provide a better encapsulation such 
that the metal ion would lie nearly in the basal plane of the chelating 
amide/peptide nitrogen atoms. The macrocycle would then behave as a 
tetradentate ligand and the counter chloride ions are positioned at the 
apices of the octahedral geometry around the metal ions (Figure 3.9). 
However, L2-2HCI which already has a twisted geometry {vide chapter 2) 
due to non-aromatic substituent, [-(CH2)2] and henceforth, macrocyclic 
cavity may not be properly oriented to encapsulate or fit in the metal ions 
Zn(II), Cd(II) or Hg(II). It is quite possible that the ligand may undergo, 
a further, distortion to bind or coordinate with the metal ions involving 
two carbonyl oxygen at the typical position. It is known69,70 that metal 
ions bigger than the expected cavity size of the macrocycles in a six 
coordinate environment lie out of the macrocyclic basal plane and 
chelation/coordination is achieved by distorting the geometry from 
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perfect octahedral (Oh) to a lower symmetry C^. It is noteworthy, that 
reaction of L2-2HCI with Zn(II), Cd(II) and Hg(II) ions have produced 
complexes stable enough to get isolated in the form of solid compounds 
whereas reaction under identical conditions with transition metal ions 
namely Cr(II), Mn(II), Fe(II), Co(II), Ni(II), Cu(II), Pt(II), Pd(II), Ru(III) 
could not provide any isolable products. 
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Table 3.7: Colour, melting points, analytical data and molar conductance 
Code 
XV 
XVI 
XVII 
XVIII 
XIX 
XX 
XXI 
XXII 
XXIII 
XXIV 
XXV 
XXVI 
Compounds 
L1 
L2-2HC1 
[ZnL'Cl;] 
[ZnL2]CI2 
[ZnL'Clz]* 
[ZnL2]Cl2* 
[CdL'ClJ 
[CdL2]Cl2 
[CdL'Cl2]* 
[CdL2]Cl2* 
[HgL'CU] 
[HgL2]C!2 
[HgL'Cl2J* 
[HgL2]Cl2* 
Emperical formula 
(Formula weight) 
C,gHMN606 
(410) 
C10H,6Cl2N6O6 
(387) 
ClgHl4CJ2ZnNfi06 
(546.4) 
C,oH14CI2ZnN606 
(450.3) 
C lgH14Cl2ZnN606 
(546.4) 
C10H14CI2ZnN6O6 
(450.3) 
C18H14Cl2CdN606 
(593.4) 
C10H14Cl2CdN6O6 
(497.4) 
C,8H14Cl2CdN606 
(593.4) 
Cl0H14Cl2CdN6O6 
(497.4) 
C lgHMCl2HgN606 
(681.6) 
C10HMCl2HgN6O6 
(585.5) 
C18H14Cl2HgN606 
(681.6) 
C,oH,4CI2HgN606 
(585.5) 
Analysis % found (< 
C H N 
52.66 
(52.68) 
30.90 
(31.00) 
39.49 
(3953) 
26.62 
(26.65) 
3930 
(3933) 
26.64 
(26.65) 
3635 
(36.40) 
24.10 
(24.12) 
3636 
(36.40) 
24.10 
(24.12) 
31.64 
(31.69) 
20.46 
(20.49) 
'31.63 
(31.69) 
20.47 
(20.49) 
3.40 
(3.41) 
4.10 
(4.13) 
2.52 
(2.56) 
3.10 
(3.11) 
2.54 
(2.56) 
3.10 
(3.11) 
2.30 
(2.35) 
2.79 
(2.81) 
2.33 
(2.35) 
2.80 
(2.81) 
2.01 
(2.05) 
2.35 
(2.39) 
2.04 
(2.05) 
2.37 
(2.39) 
20.45 
(20.48) 
21.65 
(21.70) 
1532 
(1537) 
18.60 
(18.65) 
1533 
(1537) 
18.61 
(18.65) 
14.10 
(14.15) 
16.85 
(16.88) 
14.13 
(14.15) 
16.85 
(16.88) 
1229 
(1232) 
1430 
(1434) 
1230 
(1232) 
1431 
(1434) 
:alculated) 
M CI 
-
11.93 
(11.96) 
1450 
0451) 
11.94 
(11.96) 
15.49 
(1451) 
(18.90) 
(18.94) 
2257 
(2259) 
(18.91) 
(18.94) 
2257 
(2259) 
29.40 
(29.42) 
3423 
(3425) 
29.40 
(29.42) 
3422 
(34.25) 
1832 
(1834) 
1298 
(13.00) 
15.74 
(15.76) 
1298 
(13.00) 
15.73 
(15.76) 
(11.94) 
(11.96) 
1425 
(1427) 
(11.95) 
(11.96) 
1426 
(1427) 
10.40 
(10.41) 
12.10 
(1212) 
10.40 
(10.41) 
12.10 
(1212) 
A * * 
Am 
4 
25 
8 
90 
6 
91 
4 
80 
6 
80 
5 
77 
6 
78 
A,(nm) (£***) 
338(2817) 
265(2182) 
301(2501) 
252(615) 
301(2490) 
251(610) 
301(2640) 
259(268) 
301(2635) 
259(275) 
291(2912) 
278(299) 
292(2903) 
276(300) 
Calculated values in parentheses 
*Product obtained from reactions with [M(PPh3)2CI2]; **cm2 ohm"1 mol"1; *** lit mol"1 cm" 
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Table 3.8: Important frequencies (cm x) observed in the IR spectra of 
the complexes and their assignment 
Compounds 
L1 
L2-2HCI 
XV 
XVI 
XVII 
XVIII 
XIX 
XX 
XXI 
XXII 
XXIII 
XXIV 
XXV 
XXVI 
v(N-H) 
3376 s 
3266 s 
3365 s 
3265 s 
3347 s 
3270 s 
3346 s 
3268 s 
3349 s 
3268 s 
3345 s 
3269 s 
3347 s 
3269 s 
3350 s 
3270 s 
3347 s 
3270 s 
3348 s 
3269 s 
3348 s 
3269 s 
3351s 
3264 s 
3349 s 
3268 s 
3446 s 
3265 s 
v(R-CO-N-) 
1784 m 
1780 m 
1792 m 
1788 s 
1790 vw 
1789 m 
1802 m 
1790 m 
1831 vw 
1795 m 
1790 m 
1789 m 
1796 m 
1781m 
v(CO-NH-CO) 
1748 s 
1683 s 
1745 s 
1680 s 
1747 s 
1682 s 
1746 s 
1680 s 
1747 s 
1679 s 
1745 s 
1678 s 
1748 s 
1682 s 
1740 s 
1675 s 
1747 s 
1679 s 
1742 s 
1672 s 
1748 s 
1683 s 
1744 s 
1679 s 
1747 s 
1683 s 
1746 s 
1680 s 
v(N-N) 
1023 m 
1015 m 
1007 m 
1012 m 
1002 w 
1009 m 
1007 m 
1005 m 
1000 w 
1003 m 
1007 m 
1012 m 
1003 m 
1010 m 
v(M-N) 
400 m 
400 m 
395 m 
390 m 
405 m 
410 m 
395 m 
390 m 
400 m 
410 m 
395 m 
390 m 
v(C6H4) 
1576 s 
1540 m 
1575 s 
1544 m 
-
1574 s 
1545 m 
-
1573 s 
1545 m 
-
1575 s 
1544 m 
-
1576 s 
1540 m 
-
1578 s 
1541m 
-
M = medium, s = strong, vs = very strong, vw = very weak, w = weak 
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Table 3.9: Resonance peaks (ppm) observed in XH NMR spectra of compounds 
Compound Code C6H5/(CH2)2 -OC-NH-CO- -OC-NH-NH-CO-
[} 7.90 m (8H) 8.54 bs (2H) 6.40 bs (4H) 
L2-2HCI 2.0 
Zn^Cb XV, XVII 7.90 m(8H) 8.55 bs (2H) 6.40 bs (4H) 
Ctilx02 XIX, XXI 7.91 m(8H) 8.54bs(2H) 6.40 bs (4H) 
HgLklfe XXII I , XXV 7.90 m (8H) 8.54 bs (2H) 6.40 bs (4H) 
m = multiplet, s = singlet, b = broad 
Figure 3.9 
M - Zn XV, XVII; M = Cd XIX, XXI; M = Hg XXIII, XXV 
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Chapter 4 
CYCLIC VOLTAMMETRIC STUDIES OF THE TRANSITION METAL 
ENCAPSULATED DERIVATIVES OF THE MACROCYCLE, DIBENZO[c,k]-
[1,617,9>14,15]HEXAAZACYCLOHEXADECANE[2,5,8,10)13,16]HEXAONE(L1) 
AND pH-METRIC STUDIES FOR FORMATION OF COMPLEXES IN SOLUTIONS 
INTRODUCTION 
The trivalent oxidation states of metal ions M(III) in macrocyclic 
complexes have been reported to be kinetically more stable than M(III) 
ion present in open chain peptide complexes. Furthermore, Kodama and 
Kimura have reported1 a thermodynamic stabilization of the trivalent ions 
Cu(III) and Ni(III) in aqueous solution using macrocyclic polyamines with 
varying ring sizes. The electrode potentials for the redox couples 
Cu(III/II) and Ni(III/II) present in peptide complexes have been 
determined to seek the thermodynamic factors for stabilization of M(III) 
relative to M(II) ions. A broad class of macrocyclic oxopolyamines has 
been extensively studied2. The redox properties of these systems are a 
composite function of the size of aperture, number of amide functional 
groups, type of appended substituents and the number and type of donor 
atoms. 
The technique of cyclic voltammetry (CV) involves cycling the 
potential of an electrode, which is immersed in an unstirred solution, and 
measuring the resulting current. The effectiveness of CV results from its 
capability for rapidly observing redox behaviour over a wide potential 
range. Cyclic voltammetry provides the technique to study an electro 
active species generated during the forward scan and then probing its 
fate with the reverse scan and subsequent cycles, all in a matter of 
seconds or in even less time. The time scale of the experiment is 
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adjustable over several orders of magnitude by changing the potential, 
scan rate, enabling some assessment of the rates of various reactions. 
Modern instrumentation enables switching potentials, V and scan rates 
expressed in Vs"1 to be easily varied and the data could be stored in 
computer hard disk which then gives automatic plots. 
The important parameters of a cyclic voltammogram are the 
magnitudes of the anodic peak current (ipa) and the cathodic peak current 
(ipc), and the anodic peak potential (Epa) and cathodic peak potential 
(EPc). 
The formal reduction potential (E°) for a reversible couple is 
centered between Epa and Epc 
_ 0 _ Epa + Epc 4_i 
2 
The number of electrons transferred in the electrode reaction (n) for a 
reversible couple can be determined from the separation between the 
peak potentials, which at 25 °C is 
For a reversible redox couple the values of ipa and ipc should be of 
comparable magnitude i.e. ipa / ipc = 1. 
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The peak current for a reversible system increases with square root 
of the applied potential and is directly proportional to concentration. 
However, the ratio of peak currents can be significantly influenced by 
chemical reactions coupled to the electrode process. Increasingly rapid 
scan rates allow less time for the chemical reaction to occur between the 
positive and negative scans. In fact, for sufficiently fast scan rates the 
effect of the chemical reaction becomes negligible and ipa/ipc approaches 
unity. 
Electrochemical irreversibility is caused by slow electron exchange 
of the redox species with the working electrode and is characterized by a 
separation of peak potentials greater than indicated by Equation 4.2. 
The cyclic voltammetric investigations of the electrochemical 
behaviour of a few of the macrocyclic complexes encapsulating the metal 
ions Cr(II), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Pt(II), Pd(II) and Ru(III) 
have been carried out and discussed in this chapter. 
The stability constants, or equilibrium constants for metal complex 
formation, have long been employed as an effective measure of the 
affinity of a ligand for a metal ion in solution and have served as a 
quantitative indication of the success or failure of ligand design. The 
earliest quantitative determinations were concerned only with the 
empirical formulas and overall formation constants, and were pioneered 
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by workers such as von Euler3 and Bodlander4. The step wise hydrolysis 
constants of Cr(II) were first reported by N. Bjerrum5. J. Bjerrum 
reported6 the stepwise stability constants for monodentate ligand. The 
quantitative estimation of stability constant for chelate compounds began 
with Calvin and Wilson7. It was the beginning of a trend involving the use 
of exact algebraic treatment of equilibrium constants and mass balance 
equation. 
The far-reaching developments that occurred, recently, in dealing 
with the solution coordination chemistry for stability constant 
determinations and related information in the further development of this 
field are as follows: 
i. The development of the chemistry of macrocyclic and 
macrobicyclic complexes, with the accompanying new 
challenges to ligand design and synthesis. There are 
achievements in the study of new complexes having novel 
properties, high stabilities and important applications. 
ii. The development of the new fields of bioinorganic chemistry 
and inorganic environmental chemistry, both of which require 
knowledge of the complexes formed in multi component 
systems containing many ligands and metal ions and 
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iii. The development of computational methods for processing 
equilibrium data to provide more accurate and more rapid 
determination of stability constants, and the extension of the 
method to multidentate ligands, and to systems of many 
metal ions and ligands. Now stability constants may be used 
with the aid of appropriate computer program, for the 
elucidation of the molecular and ionic species present in the 
very complicated biological and environmental systems. 
Although, method of determining stability constants has been 
described in several books8"10, the monograph by Rassotti and Rassotti11 
still stands today as the authority on pre-computer methods of data 
reduction involving many types of equilibrium data. 
The situation has now been changed dramatically with the advent 
of computer which has enable to include treatment of data of all the 
stepwise equilibrium constants simultaneously. The review by Gans12 
provides an excellent survey of this methodology. A number of computer 
programs are available13"15 and new programs are being published with 
regularity. The computer program selected herein for the computation of 
formation constants from the potentiometric data described in this thesis 
has been achieved by the use of the SUPERQUAD programme. This 
program has been designed to SUPERcede the miniQUAD by providing 
following facilities16: 
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a) To treat data relating to substances which can not be obtained in a 
state of high purity (substances may be of biological origin or may 
be extremely difficult to synthesize). 
b) Improved model selection constants criteria based on measured 
electrode potentials. 
c) Treatment of formation constants which assume negative values 
during a refinement. 
d) To take account of some systematic errors as suggested by some 
workers in this field. 
Equilibrium constants, protonation constants, formation 
constants 
An equilibrium constant is a quotient involving the concentration or 
activities of reacting species in solution at equilibrium. It is often defined 
as the ratio of products of the activities of the reaction products, raised to 
the appropriate power, to the product of the activities of the reactants, 
raised to the appropriate power, as illustrated by following equation 4.3. 
3 C • ° D A 1 
aA + b B ^ = ^ cC + dD Keq = —5 — ^ a
 A. a B 
The value of the equilibrium constant is directly related to the 
differences in the Gibb's free energies of products and reactants in their 
standard states (unit activity), and hence is a measure of the difference 
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of reactivates of the reactants and products. The equilibrium constant 
determined at constant ionic strength is indicated by equation 4.4, 
[C]c [D]d 
a A + b B ^ = ^ cC + dD 1^= r- 4.4 
[A]a [B]b 
where the square brackets, [ ] indicate molar concentration. This 
measurement is convenient and has advantages like the quantitative 
involved may be substituted directly into the mass balance equations 
employed for stability constant and protonation constant calculations. 
Protonation and complex formation equilibria may be expressed in 
several ways such as stepwise dissociation constants, formation 
constants, overall formation constants etc10. The stepwise protonation 
constants KnH, represented by equations 4.3 and 4.4 for the neat ligand 
and the overall metal complex protonation constants or stepwise 
formation constants are the important parameters for expressing the 
stability of complexes formed in solution. For convenience in setting up a 
generalized algorithm for computational purposes the equilibria are set up 
in terms of "overall" constants, designated by pn in place of the more 
readily visualized stepwise constants (K). The relationship between the 
successive and the corresponding overall protonation constants is that 
the latter is a cumulative product of the former as following, 
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PHL = KXH, pH2L = K!HK2H, pH3L = K iVK 3 H , pH4L = K / V K a V etc 4.5 
Some of the species are not present in the system over various 
parts of the pH range, but a complete set of equations are needed to 
describe the equilibria in the pH range over which hydrogen ion 
concentrations are measured. 
Species distribution curves 
The species distribution diagram shows the distribution of various 
species formed in solution. It is a plot of p[H] Vs percent of species 
formed. As the p[H] is varied, the solution changes from uncomplexed 
metal ion and ligand to a solution which results in the complex MLn. At 
different pH, different concentration of species formed in solution is 
shown. Such diagrams are very useful for visualizing the nature of the 
equilibrium situation. 
The pH-metric titrations carried out for the ligand 
dibenzo[c,k][l,6,7,9,14,15]hexaazacyclohexadecane[2,5,8,10,13,16]hex-
aone, L1, in the absence as well as in the presence of metal ions have 
been described in this chapter. The protonation constants (log K's) of the 
macrocycle as well as the overall stability constants (log (3's) values of the 
complexes formed in the solution have been determined using 
SUPERQUAD Programme. The species distribution curves have been 
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generated through the computer programme to get an insight of the 
various possible equilibria generated in solutions. 
EXPERIMENTAL 
Reagents used 
Methanol and KN03 both (s.d. Fine Chem. Ltd, India) were of 
analytical grade and used as such. Metal salts FeCb (Ranbaxy, India), 
C0CI2.6H2O (B.D.H, India), NiCI2.6H20 and CuCI2.2H20 both (E. Merck, 
India) were used as received. Double distilled demineralized water has 
been used for the preparation of aqueous solution of the metal salts. The 
exact concentration of the metal ions was determined by chelometric 
titration using standard17 EDTA solution. A C02 free solution of NaOH was 
prepared by dissolving weighed amount of NaOH pellets (E. Merck, India) 
in doubly distilled water. The concentration was estimated by means of 
titration against a standard oxalic acid solution. The Ligand L1 and metal 
complexes used for CV studies in this chapter are the same as described 
in chapter 3. 
Physical Measurements 
Cyclic voltammetry 
Cyclic voltammetric measurements (CV) were recorded on a CH 
instrument Electrochemical Analyzer. High purity H20-DMSO (95:5) 
mixture was employed for the CV studies with 0.4 M KN03 as supporting 
electrolyte. A three-electrode configuration consisting of a Pt electrode, a 
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Pt wire as auxiliary electrode and Ag/AgCI as the reference electrode has 
been used. 
pH—Metric studies 
The cell was charged with 12.5 mL of 0.004 M ligand (L1) solution, 
0.5 mL of 0.2 M HCI04, 9.9 mL 1.0 M NaCI04 and 27.1 mL of water. 
Solution was stirred for half an hour to equilibriate the reaction mixture 
and then was slowly titrated with 0.2 mL increments of 0.1 M NaOH 
solution until enough NaOH is added to neutralize the titratable acid 
present. The data obtained are listed in Table 4.2. In case of Metal-
Ligand systems, the cell was charged with 12.5 mL of 0.004 M ligand (L1) 
solution, 0.5 mL of 0.2 M HCI04, 0.5 mL of 0.1 M MCI2 (M = Ni, Cu, Co) or 
FeCI3, 9.9 mL of 1.0 M NaCI04 and 26.6 mL water. The solution was 
stirred for half an hour and slowly titrated with 0.1 M NaOH solution in 
0.2 mL incremental addition until at least enough NaOH is added to 
somewhat more than to neutralize the titratable acid present. The pH-
values were recorded directly using a Thermo Orion 420Aplus digital pH-
meter. Electrode response was standardized with buffer solution at 4.0 
and 7.0 and the measurements were performed at 25 ±0.1 °C 
maintaining the ionic strength of the solution I = 0.2 mol dm"3 adjusting 
with NaCI04. The volume (mL) Vs pH data are listed in Table 4.2-4.7. 
These data are plotted in Figures 4.12-4.17 respectively. 
152 
Stability constant refinement is the process whereby the computer 
adjusts a parameter or several parameters with a programmed algorithm 
(SUPERQUAD programme in the present case) for the purpose of 
obtaining the best possible least square fit of calculated data to the 
observed data. 
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RESULTS AND DISCUSSIONS 
Cyclic Voltammetry 
The cyclic voltammogram of [Crl^Cb] I (Figure 4.1) recorded in the 
range +1.0 to -0.8 V exhibits a reversible redox process at E°i/2 = -0.434 
V where the cathodic and anodic peak separation is Epa - Epc = 85 mV and 
the ratio of the peak ipc/iPa -1.0. This is consistent with the redox process 
C^/Cr1, and the species formed CrII/! have enough lifetime on the 
electrochemical time scale to get recorded. The reversible redox peak 
appears at E°i/2 = -0.434 V (Table 4.1). The present redox equilibrium 
Cr+2(d4) ^=±: Cr+1(d5) may be compared with that reported18 for the 
redox process (Mnn/Mnm), Mn+ 2(d4)^^ Mn+3(d5) (E°i/2 = -0.04 V) which 
involves formation of iso-electronic redox species. However, the redox 
peak has been observed at high negative value in the present case. It is 
reported18 that E°i/? shifts to more negative value when the metal ion is 
coordinated with a strong a-donor ligands like acyclic amines etc. The 
appearance of the reversible peak at a very high negative value i.e. E°i/2 
-0.434 V (Table 4.1) for the formation of the redox species C^/Cr1 
(d4/d5) in the present case confirms that the present macrocycle, L1, 
which possessed hexaamide/hexapeptide functions is a stronger a-donor 
compared to the acyclic amines. The formation of a reversible (Crn/I) 
redox couple in solution further indicates that the size of the macrocyclic 
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cavity is appropriate to stabilize both, the +2 as well as + 1 , oxidation 
states of chromium metal ion. 
The cyclic voltammogram of the complex [Mnl^Cb] I I (Figure 4.2) 
when recorded at a relatively faster scan rate (0.2 Vs1) exhibits a quasi-
reversible redox wave consistent with the formation of Mnn / I couple. This 
is electrochemically reversible on the cyclic voltammetric time scale18 at 
this (0.2 Vs"1) scan rate. The anodic and cathodic scans of the cyclic 
voltammogram (CV) of the complex has been characterized by analyzing 
the ratios of anodic and cathodic current (ipa/ipc) which is ~1 and 
moreover, the peak separation (AEP = Epa - Epc - 4 0 mV) is indicative of a 
reversible one-electron redox process. The voltammogram also shows an 
anodic wave at +0.63 V due to the re-oxidation process i.e. the (Mn+1 -» 
Mn+2 + e) in the reverse cycle. The reverse sweep further shows an 
anodic wave at +0.27 V consistent with the formation of a Mn(III) 
species in this electrochemical process. These two anodic waves may be 
coupled giving a quasi-reversible wave consistent with the formation of 
the redox quasi-reversible couple Mn I I /HI (Figure 4.2). The mechanism of 
the electrode reactions in solution may be represented by the scheme 4.1 
as following: 
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Scheme 4.1 
At cathode 
[MnVcy = ^ [WL'CIJCI (E°1/2 =-0.438 V) 
"
e
 (AEp = 35mV) 
At anode 
[Mn^ClJ ^ [MnmL'Cl2]+ (E°I/2 = +0.45 V) 
+ e
 (AEp = 360 mV) 
The formations of the redox couple Mnn/I as well as Mn I I / In at 
cathode and at the anode, respectively, suggest that the macrocyclic 
cavity is flexible to accommodate the unusual lower (+1) oxidation state 
as well as the higher (+3) oxidation state of manganese. 
The cyclic voltammogram of the complex [Fel^CbjCI I I I (Figure 
4.3) exhibits a cathodic wave at -0.617 V consistent with the reduction of 
Fem species into Fe11 i.e. (Fe+3 + e -> Fe+2). However, the reverse sweep 
consists of a peak at -0.8 V which may be due to the reoxidation process 
(Fe+2 -» Fe+3 + e). The peak separation AE -183 mV and ipa/ipc nearly 
unity indicate that the cathodic and the anodic peaks belong to the 
quasi-reversible peak for the couple Fem/n similar to that reported19,20 
for other Fem complexes. The cyclic voltammogram shows an additional 
but strong anodic peak at +0.8 V. The peak height suggests the 
156 
formation of an electrochemically active species depositing at the 
electrode surface21, preferably, metallic iron (Fe°). The metallic iron is 
probably generated due to a two-step disproportionation reaction 
comprising of one-electron irreversible process. Such disproportionation21 
process generating (M°) during the electrochemical reactions are not 
uncommon. The mechanism of the electrode reaction in the present case 
is shown below by the scheme 4.2. 
Scheme 4.2 
At cathode 
[FemL'CI2]+ =2=^ [FenL'CI2] 
-e 
At anode 
Disproportionation reactions 
2[FeIIL1Cl2] • [FeraL'ci2]Cl + [ Fe^'d] 
2[FeIL1Cl] • [Fe^ClJ + Fe° + L1 
The cyclic voltammogram for the complex [CoL^Cb] IV recorded at a 
scan rate 0.1 Vs"1 within the range +1.6 V to -1.2 V (Figure 4.4) exhibited 
a strong irreversible cathodic peak at Epc = -0.448 V followed by a weak 
irreversible cathodic peak at Epc = -1.096 V. However, the reverse sweep 
exhibited only one we!! defined anodic peak at Epa = +0.78 V. The occurrence 
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of two cathodic waves is indicative of the possibility of reduction of Co11 
complex via two-steps one-electron reduction process [Cb11 "^» Co1 "*% Co]. 
None of the peaks satisfy the condition for formation of a reversible redox wave. 
However, the appearance of only one oxidation wave is consistent with one-step 
two-electron oxidation process i.e. [Co0 »~ Co11 + 2e]. 
The relative peak height of the first cathodic peak to the second 
one suggests that the second stage of reduction, though, appreciable but 
is less probable relative to the first reduction step. It is also, unlikely, that 
any mixed valence binuclear species is involved23 in the present 
electrochemical reductions. The peak height of the anodic peak observed 
at +0.78 V is not very significantly high enough, henceforth, rule out the 
deposition of any electrochemically active species (preferably Co0) on the 
electrode22. 
The cyclic voltammogram for complex [Nil^ CIJCI V recorded in the 
range +1.4 to -1.0 V (Figure 4,5) at the scan rate of 0.1 Vs"1 shows two 
cathodic peaks (Table 4.1) which may analogously be assigned to the 
two-step one-electron reductions i.e. [Nin +e » Ni1 +e » Ni ] , The 
peak height (ipc) for the second stage of reduction is much lower 
compared to that of the first reduction step similar to that observed for 
electrochemical reduction of [CoL^Cfe] IV complex. The appearance of 
only one anodic peak at +0.797 V in the reverse cycle of the 
voltammogram is indicative of a one-step two-electron oxidation process 
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i.e. [Ni° -» Ni11 + 2e] similar to that observed for the [Col^Ch] IV case. 
Furthermore, here too, the peak height is weak in intensity (ipc) 
suggesting that there is no deposition of any electrochemically active 
metallic nickel on the electrode surface and all of the Ni° produced in the 
second reduction step is reoxidised21 into a Ni11 species. The 
electrochemical process for the complexes IV and V can be described by 
the following scheme 4.5. 
Scheme 4.5 
At cathode 
, -0.448V rr«T Ir-n j.«, -1.096V / - 0 , T 1 , ^ , 
[Col/Cy + e *- tCoL C1] + e • Co + L + Cl2 
OR 
[NiL'cy + e - ° - 3 4 5 V > [NiL'CU+e -°-70 V ^Ni^L^Cl, 
At anode 
Co0 ± ^ X Co2+ + 2e 
OR 
xi;o -0.797 V x T . + 2 , 0 Ni • N i +2e 
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The cathodic peaks in V appear at a lower potential compared to 
that observed in IV. The present electrochemical data, therefore, 
indicates that the electrochemical reduction step for the [Nil^C!]* is more 
feasible than that for [Col^CIJ. This may reasonably be ascribed to an 
attainment of a reasonably stable geometry due to a change from d8 
configuration of Ni(II) ion in the complex V to a d9 configuration which 
may undergo a John-Teller distortion giving a tetragonally distorted 
geometry. However, a change of d7 configuration for Co(II) ion to a d8 
configuration may require readjustment of the ligands and a significant 
amount of crystal field stabilization energy may be lost to attain a more 
stable square-planar geometry of the Co(I)-species formed. 
The redox behaviour of Cul^Cb VI has been examined in the 
potential range +0.8 to -0.6 V at two different scan rates i.e. 0.1 Vs"1 and 
0.3 Vs'1 (Figure 4.6, 4.7). The voltammogram shows an irreversible 
cathodic wave and an irreversible anodic wave. The peak height of the 
anodic wave is unusually very high in comparison to that of the cathodic 
peak. The cathodic peak is observed at -0.18 V when the scan rate is 0.1 
Vs"1, consistent with a one-step one-electron reduction of the complex. 
The appearance of an anodic peak of very high intensity (ipa » ipc) at 
+0.04 V (at 0.1 Vs"1 scan rate) is consistent21 with a one-step oxidation 
process23 i.e. [Cu1 -> Cu11 + 2e]. It is interesting to note that in the 
present electrochemical process the normalize cathodic current given as 
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ipc/V1/2, increases when the scan rate is increased from 0.1 Vs"1 to 0.3 Vs" 
1
 suggesting that the reduction process Cu(II) - • Cu(I) get encouraged at 
a higher scan rate. This is further substantiated from the shift of this 
cathodic peak observed at -0.18 V (at 0.1 Vs"1 scan rate) to a relatively 
higher positive potential at +0.022 V (at 0.3 Vs"1 scan rate). However, the 
position of the anodic peak shifts to a more positive potential (Epa = 
+0.073 V) when the scan rate is increased suggesting that the oxidation 
process becomes difficult at a higher scan rate. Considering all the above 
process involved, the complete electrochemical steps studied in the range 
+0.8 to -0.6 V can be described by the following scheme 4.6. 
Scheme 4.6 
At cathode 
[CuL 'cy + l e - 0 - 1 8 7 4 - 0 - 0 2 2 ^ [Cu'L'ci] 
2[CuLlCl] *- [CuVci2] + Cu° 
At anode 
Cu° »- Cu+2 + 2e E°anodic = +0.04 V/0.073 V 
The cyclic voltammogram for complex [PtL^Cfc IX, (Figure 4.8) 
recorded in the range +1.6 V to -1.2 V at the scan rate of 0.2 Vs"1 
exhibited a cathodic peak at -0.507 V. The reverse scan exhibited the 
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corresponding anodic peak at -0.35 V. The magnitude of peak ratio of the 
cathodic and the anodic peak (ipc/ipa) is more than one and the peak 
separation AEP is equal to 157 mv which is above the limit required for a 
perfect reversible couple electrochemically generated in the solution. The 
voltammogram also contains a weak anodic peak at +0.271 V (Table 
4.1). However, the voltammogram recorded at a fast scan rate exhibited 
a reversible redox couple at E°V2 = -0.434 V, (Figure 4.9) whose ipc/ipa ~1 
and AE < 100 mv suggesting that the redox couple has enough life time 
to remain stable at a relatively fast scan rate i.e. at 0.3 Vs"1. Here too, an 
additional anodic peak has been observed at +0.304 V which gained the 
peak height at this high scan rate. The redox couple which seemed to 
have a short span of life time but enough to be recorded as a reversible 
peak at a high scan rate i.e. at 0.3 Vs"1 may be due to the formation of 
the redox couple Pt1171 and the additional irreversible peak at -0.3 V 
(Table 4.1) suggest the oxidation reaction [Pt11 -> Pt111 + e]. The 
analogous palladium(II) complex [PdL^Cb XI recorded at 0.3 Vs"1 scan 
rate also exhibited (Figure 4.10) redox couple at E°V2 = -0.403 V with a 
weak additional anodic peak at +0.27 V indicating an identical 
electrochemical process to that observed for the [PtL^C^ complex IX. 
The redox couple with E°% at —0.4 V is consistent with the formation of 
the radical anion24 [ML] . ^ - [ML]' (M = PtorPd) at cathode while 
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the irreversible anodic peak suggest the formation of an irreversible 
MII/Mra couple. 
The cyclic voltammogram of the complex [Rul^CbjCI X I I I (Figure 
4.11) recorded in the range +0.2 to -0.8 V at a scan rate of 0.1 Vs'1 
shows formation of a reversible couple Ru I I /m i.e. Ru11 - _e * • Rl j I 
at E°v2 = -0.442 V which is in the range reported25 for a few Ru(III) 
complex containing amine ligands. 
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RESULTS AND DISCUSSION 
The stepwise equilibria for the ligand (L1) and the corresponding 
ligand protonation constants are given as following: 
L + H+ ^ = ^ [HL]+ Ki = [HL]+/ [L] + [H+] 4.6 
[HL]+ + H+ ^ ^ [H2L]2+ K2 = [H2L]2+/ [HL]+ + [H+] 4.7 
The plot of 'pH' Vs 'a' (a = moles of base added per mole of the 
ligand L1 present in the solution) is shown in Figure 4.12 and the 
magnitudes of 'a' and the corresponding 'pH' at each addition of the base 
have been indicated in Table 4.2. The titration curve of L1-2HCI04 exhibits 
two buffer regions one between 2.5-6.0 , which most likely corresponds 
to the dissociation of the acid proton and the second between pH 8-11 
which corresponds to the simultaneous dissociation of the two protons, 
attached to the ligand. The preliminary estimate of the logarithms of 
protonation constants (log Ki and log K2) are obtained from the pH-
profile at the magnitude of 'a' near 4.5 and 1.5. This has given the 
magnitudes of log Ki and log K2 as 10.01 and 3.14 respectively. These 
protonation constants in the overall p unit comes out as p0n (9.42) and 
P012 (12.06) respectively. 
The plots for the initial titration data of L1-2HCI04 using the metal 
salts MCI2 (M = Ni, Cu, Co) or FeCI3 for complex formation in solution i.e. 
164 
L^HCICVMCb (M = Ni, Cu, Co) or L^HCIC^-FeCb in 1:1 mole ratio 
have been shown in Figures 4.12-4.17 along with the corresponding 
tables (Table 4.2-4.7). The equilibria which occur in buffer regions in the 
titration curves i.e. in the range 1.5 > a <4.5 can be represented by the 
equations 4.8-4.14 as following: 
M2+ + L1 ^ = ^ ML12+ logPno = [ML12+] /[M2+] [L1] 4.8 
M L i 2+ + H + =^=^ MLiH3+ | 0 g p u i = [MLiH^VtM^CL1]^"1-] 4.9 
\A\}\\2+ + H+ : = = t i n}\\2^ logPu2 = [ML1H24+]/[M2+][L1][H+]2 4.10 
MLXH4+ + H+ = ^ ML1^5* logpiis = [ML1H35+]/[M2+][L1][H+]3 4.11 
ML1H5++ H+ ^ = ^ M L W logPm = [MLH6+]/[M2+][L^|[H6+]4 4.12 
ML1H6++ H+ ===^ M^Hs7"4" logpns = [ML1H57+]/[M2+][L1][H+]5 4.13 
ML1H7++ H+ ===^ ML1H68+ logpne = [ML1H68+]/[M2+][L1][H+]6 4.14 
The stability constants pMm calculations for the complexes at the 
molar ratio ligand:metal = 1:1 have been performed using SUPERQUAD 
computer programme and their magnitudes are shown in Table 4.8. 
The species distribution curves for the possible equilibria in 
L1 2HCI04-NiCI2 and L1 2HCI04-CuCI2 complexes have been shown in 
Figures 4.18 and 4.19 respectively. Each species has been denoted by 
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MLH where M is the stoichiometric coefficient of the metal in the 
complexes, L that of ligand and H that of hydrogen ion. A negative value 
of the H indicates that the complex has released a proton (for instance as 
a result of the deprotonation of the coordinated water when the pH 
reaches a certain value). It can be seen from the Figures 4.18 and 4.19 
which expresses the % species distribution at various pH range of the 
solution, that at lower pH (pH < 7.0), the most probable species in 
solution are MH2L, MH3L and MH4L whereas in the alkaline medium of the 
solution (pH > 7.0), the most stable species are MHL and ML. 
A sharp decrease in basicity between the first and the second 
stepwise protonations of the ligand L1 has been observed as is evident 
from the difference between log Ki and log K2 of about 6.87 logarithm 
units. However, in most of the polyaza macrocycles26 this difference is 
reported to be only ~1.0 logarithm unit. This large difference is 
comparable to that reported27 for 
[1,4,7,10]tetraazacyclotridecane[ll,13]dione and [1,4,8,1 l]tetraazacyclo-
tetradecane[12,14]dione where the difference between log Ki and log K2 
is reported to be of the same order (~5 logarithm units). The magnitudes 
of log Ki and log K2 in the present ligand which contains 
hexaamide/hexapeptide functions is much higher than that reported for 
the cyclic polyaza moiety containing diamide functions28. Furthermore, a 
comparison of the various log (3 values (Table 4.8) for the stepwise 
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equilibria indicate that the complexes formed by the present ligand with 
Cu(II) ion is more stable than that by the Ni(II) ion. 
Table 4.1: Electrochemical data of lmmol solution of complexes recorded in 
H20 - DMSO at room temperature with reference to Ag/AgCI electrode 
Code Compound E°red (V) E01/?red (V) E°oxid (V) E°1/2oxa (V) 
I G t H - -0.434ar 
+0.27birr, +0.63V 
(E1/2 = +0.45 V, AE = 360 mV) 
+0.8birr 
+0.78airr 
I I 
I I I 
IV 
V 
VI 
MnLkfc 
FeL^ls 
Co^Ch 
Nil^Cfe 
Cu^Cb 
-
-
-0.448airr, 
-1.096V 
-0.345bvirr 
-0.7 
-0.18airr 
-0.438bqr 
-0.71V 
-
-
-
+0.797birr 
+0.04V 
+0.022cirr +0.073cirr 
IX Pt^Clj - -0.434cr +0.271birr 
+0.304cirr 
XI Pdl^Ck - -0.403cr +0.27 
X I I I Ru^Cfe - -0.442ar 
qr = quasi-reversible, irr = irreversible, r = reversible 
aat 0.1 Vs"1 scan rate "at 0.2 Vs'1 scan rate cat 0.3 Vs"1 scan rate 
'C 
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Table 4.2. Initial titration data for L1 2HCI04 
S. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Vol. of NaOH (mL) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
PH 
2.96 
3.12 
3.14 
3.31 
3.49 
3.55 
3.88 
4.40 
4.95 
5.95 
7.93 
9.45 
9.97 
10.15 
10.19 
a* 
0.396 
0.792 
1.184 
1.573 
1.959 
2.342 
2.722 
3.099 
3.473 
3.844 
4.213 
4.782 
4.941 
5.301 
5.658 
a* = moles of NaOH added per moles of L1 2HCI04 present 
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Table 4.3. Initial titration data for L1 2HCI04 - NiCI2 (1:1) mole ratio 
S. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Vol. of NaOH (mL) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
PH 
2.95 
3.05 
3.12 
3.21 
3.40 
3.50 
3.71 
4.35 
4.60 
5.40 
6.50 
9.03 
9.12 
9.41 
9.63 
m* 
0.396 
0.792 
1.184 
1.573 
1.959 
2.342 
2.722 
3.099 
3.473 
3.844 
4.213 
4.782 
4.941 
5.301 
5.658 
m* = moles of NaOH added per moles of metal ion present. 
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Table 4.4. Initial titration data for L1 2HCI04 - CuCI2 (1:1) mole ratio 
S. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Vol. of NaOH (mL) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
PH 
2.95 
3.11 
3.15 
3.25 
3.40 
3.45 
3.60 
4.10 
4.50 
5.60 
6.93 
8.15 
8.31 
8.64 
9.05 
m* 
0.396 
0.792 
1.184 
1.573 
1.959 
2.342 
2.722 
3.099 
3.473 
3.844 
4.213 
4.782 
4.941 
5.301 
5.658 
m* = moles of NaOH added per moles of metal ion present. 
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Table 4.5. Initial titration data for L1 2HCI04 - CoCI2 (1:1) mole ratio 
S. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Vol. of NaOH (mL) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
PH 
2.94 
3.11 
3.14 
3.20 
3.29 
3.45 
3.66 
4.00 
4.40 
5.32 
6.42 
8.04 
8.49 
8.99 
9.01 
m* 
0.396 
0.792 
1.184 
1.573 
1.959 
2.342 
2.722 
3.099 
3.473 
3.844 
4.213 
4.782 
4.941 
5.301 
5.658 
m* = moles of NaOH added per moles of metal ion present 
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Table 4.6. Initial titration data for L1 2HCI04 - FeCI3 (1:1) mole ratio 
S. No. Vol. of NaOH (mL) pj j m* 
1 0.2 2.93 0.396 
2 0.4 3.10 0.792 
3 0.6 3.14 1.184 
4 0.8 3.22 1.573 
5 1.0 3.35 1.959 
6 1.2 3.52 2.342 
7 1.4 3.71 2.722 
8 1.6 3.72 3.099 
9 1.8 3.74 3.473 
10 2.0 4.83 3.844 
11 2.2 5.64 4.213 
12 2.4 5.85 4.782 
13 2.6 6.76 4.941 
14 2.8 8.44 5.301 
15 3,0 1O01 5.658 
m* = moles of NaOH added per moles of metal ion present 
1 /J 
Table 4.7. Initial titration data for L1 2HCI04 - MCI2 (M = Ni, Cu and Co) (1:1) 
mole ratio 
S. No. Vol. of NaOK (mL) pH m* 
Ni Cu Co 
1 0.2 2.95 2.95 2.94 0.396 
2 0.4 3.05 3.11 3.11 0.792 
3 0.6 3.12 3.15 3.14 1.184 
4 0.8 3.21 3.25 3.20 1.573 
5 1.0 3.40 3.40 3.29 1.959 
1.2 
1.4 
3.50 
3.71 
3.45 
3.60 
3.45 
3.66 
6 .  .  .  .  2.342 
7 .  .  .  .  2.722 
8 1.6 4.35 4.10 4.00 3.099 
9 1.8 4.60 4.50 4.40 3.473 
10 2.0 5.40 5.60 5.32 3.844 
11 2.2 6.50 6.93 6.42 4.213 
12 2.4 9.03 8.15 8.04 4.782 
13 2.6 9.12 8.31 8.49 4.941 
14 2.8 9.41 8.64 8.99 5.301 
15 3,0 9.63 9.05 9.01 5.658 
m* = moles of NaOH added per moles of metal ion present 
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Table 4.8: Stability constants of metal ions with ligand L1 
LogpMLH 
Logpuo 
Logpm 
LogPuz 
Logpm 
LogPn4 
LogPns 
Logpiw 
LogPn-i 
Logpon 
Logpoi2 
L1 2HCI04-NiCI2 
8.10 
14.64 
21.70 
21.08 
24.03 
21.20 
13.87 
-13.69 
9.42 
12.06 
L1 2HCI04-CuCI2 
10.05 
20.63 
22.36 
25.64 
27.99 
28.60 
13.78 
-13.69 
9.42 
12.06 
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Figure 4 . 1 : Cyclic voltammogram of [ C r L ^ I J ( I ) recorded at 0.1 Vs"1 scan rate 
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Figure 4 . 2 : Cyclic voltammogram of [ M n L t y ( I I ) recorded at 0.2 Vs'1 scan rate 
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Figure 4.3: Cyclic voltammogram of [Fel^cyci ( I I I ) recorded at 0.2 Vs"1 scan rate 
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Figure 4.4: Cyclic voltammogram of [Colmey (IV) recorded at 0.2 Vs"1 scan rate 
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Figure 4.5: Cyclic voltammogram of [Nil^Cip (V) recorded at 0.2 Vs"1 scan rate 
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Figure 4.6: Cyclic voltammogram of CuLtfe (VI) recorded at 0.1 Vs"1 scan rate 
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Figure 4.7: Cyclic voltammogram of CuL^b (VI) recorded at 0.3 Vs"1 scan rate 
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Figure 4.8: Cyclic voltammogram of [PtL^Cb ( IX) recorded at 0.2 Vs"1 scan rate 
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Figure 4.9: Cyclic voltammogram of [PtL^Cb ( IX) recorded at 0.3 Vs"1 scan rate 
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Figure 4 .10: Cyclic voltammogram of [PdL'JCb (X I ) recorded at 0.3 Vs'1 scan rate 
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Figure 4 . 1 1 : Cyclic voltammogram of [ R u L ^ y c i ( X I I I ) recorded at 0.1 Vs-1 scan rate 
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Figure 4.12. Potentiometric equilibrium curve of L.2HCIO. 
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:i 1 , Figure 4.13. Potentiometric equilibrium curve of L.2HCI04 and NiL CI 
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Figure 4.14. Potentiometric equilibrium curve of L.2HCIO, and CuL1CI 
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Figure 4.15. Potentiometric equilibrium curve of L.2HCI04 and CoL1CI2 
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Figure 4.16. Potentiometric equilibrium curve of L.2HCIO and Fel_1CI, 
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Figure 4.17. Potentiometric equlibrium curves of L.2HCI04 and 1:1 ratios 
of L2HCI04 with several metal ions (Cu, Ni, Co) 
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pH • 
Figure 4.18: Species distribution curve for L1-2HCI04-NiCl2 (1:1 molar ratio) 
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Figure 4.19: Species distribution curve for L^HCICU-CuCfe (1:1 molar ratio) 
188 
References 
1. M. Kodama, E. Kimura, J. Chem. Soc, Da/ton Trans, 1979, 325. 
2. E. Kimura, J. Coord. Chem., 1986, 15, 1. 
3. H. Von Euler, Ben, 1903, 1854. 
4. G. Bodlander, 0. Storbeck, Z Anorg. Chem., 1902, 31 , 1. 
5. N. Bjerrum, Ph. D. Dissertation, Copenhagen, 1908. 
6. J. Bjerrum, Metal Amine Formation in Aqueous Solutions; Thesis, 
Copenhagen, 1941; reprinted 1957, P. Haase and Son, 
Copenhagen. 
7. M. Calvin, K.W. Wilson, J. Am. Chem. Soc, 1945, 67, 2003. 
8. A.E. Martell, M. Calvin, Chemistry of the Metal Chelate 
Compound, Prentice-Hall; New York, 1952. 
9. S. Chaberek, A.E. Martell, Organic Sequestering Agents, John 
Willey; New York, 1959. 
10. Chelating Agents and Metal Chelates, F.P. Dwyer and D.P. Mellor, 
Eds.: Academic Press; New York, 1964. 
11. F.C. Rossotti, H. Rossotti, The Determination of Stability 
Constants, McGraw-Hill; New York, 1961. 
12. F. Gans, Coord. Chem. Revs., 1976, 19 (2). 99. 
13. FJ.C. Rossotti, H.S. Rossotti, RJ. Whewell, J. Inorg. NuCI. Chem., 
1971, 33 , 2051. 
14. A. Izquierdo, J.L Beltran, Anal. Chim. Acta, 1986, 181, 87. 
189 
15. T. Hofman, M. Krzyzanowska, Talanta, 1986, 33, 851. 
16. P. Gans, A. Sabatini, A. Vacca, Inorg. Chim. Acta, 1983, 79, 219. 
17. Analytical Uses of Ethylenediamine Tetraacet/cac/d, FJ. Welcher, 
Van Nostrand; N.Y., 1958. 
18. J.W. Hershberger, RJ. Klinger, IK . Kochi, J. Am. Chem. Soc, 
1983, 105, 61 and references cited therein. 
19. J.P. Battioni, D. Lexa, D. Mansuy, J.M. Saveant, J. Am. Chem. 
Soc, 1983, 105, 207. 
20. D. Lexa, J. Mispelter, J.M. Saveant, J. Am. Chem. Soc, 1981, 
103, 6806. 
2 1 . G. CHristou, S.P. Perlepes, E. Libby, K. Folting, J.C. Huffman, J.R. 
Webb, D.N. Hendrickson, Inorg. Chem., 1990, 29, 3657. 
22. CD. Samara, P.D. Jannakoudakis, D.P. Kessissoglou, G.E. 
Manoussakis, D. Mentzafos, A. Terzis, J. Chem. Soc, Da/ton 
Trans., 1992, 3259 and references cited therein. 
23. Z.A. Siddiqi, VJ . Mathew, Polyhedron, 1994, 13, 799. 
24. M. Bonamico, V. Fares, A. Flamini, N. Poli, J. Chem. Soc, Dalton 
Trans., 1992, 3273. 
25. N.R. Champness, W. Levason, D. Pletcher, M. Webster, J. Chem. 
Soc, Dalton Trans., 1992, 3243. 
26. C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fedi, V. Fusi, C. Giorgi, P. 
Paoletti, L. Tei, B. Valtancoli, J. Chem. Soc, Dalton Trans, 1999, 
1101 and references cited therein. 
190 
27. M. Kodama, E. Kimura, J. Chem. Soc, Da/ton Trans, 1979, 325. 
28. X.C. Su, Z.F. Zhou, H.K. Lin, S.R. Zhu, H.W. Sun, G.H. Zhao, Y.T. 
Chen, Ind. J. Chem, 40A, 2001, 533. 
191 
APPENDIX-I 
Superquad 
© 1990 Protonic Software 
Written by Peter Gans, University of Leeds 
Antonio Sabatini, University of Florence 
Alberto Vacca, University of Florence 
PC version by Leslie Pettit, University of Leeds 
Starting to use the mainframe version of SUPERQUAD 
The magnetic tape supplied (or file transferred by electronic mail) contains one file, consisting of the 
program, test data and test results. The first task is to read from magnetic tape into a computer file. One 
this has been done split this file into three separate files. The test data begins with the symbols "-DATA", 
and the test results begin with the symbols "-RESULTS". Use these lines to locate the three portions of the 
original file. Having created the program file, data file and results file, you should now check those aspects 
of the program that are machine dependant. 
Check the variables JINP, JOUT and ACCM on the first page of the program. Then check the function 
ERRSET. This routine, or one equivalent to it, will be required if your computer generates an error 
message every time that "underflow" occurs. ERRSET is the IBM routine that suppresses the error 
message.s. Your machine may provide alternative methods of suppressing the "underflow" messages, or 
may suppress them by default. 
The variable MAXW, which occurs near the beginning of the subroutine STANS, determines the 
maximum width of the line-printer plots. The standard value is 80, so that plots will fit on a normal terminal 
screen, but if this is inconvenient it can be changed. 
If you have problems because the program is too large it can be made smaller by reducing the 
dimensions of the data arrays. For most this is a very easy task. The principal arrays are dimensioned in 
the main segment of the program, and the size is echoed in a variable beginning with MAX, e.g. MAXEMF. 
These variables are assigned in DATA statements on the first page of the program. The values chosen are 
deliberately all different so that corresponding values in the DIMENSION statements can be easily 
recognized. To change the storage required, change both the array dimensions and the corresponding 
MAX variable. For example, if you envisage only ever using one electrode, the weight matrix can be 
reduced to 601, consistent with the maximum number of titration points being 600. In the DIMENSION 
statement put WS(601) and in the DATA statement replace 1200 below MAXWS by 601. MAXEMF could 
then be reduced to 602, etc. 
MAXPC, the maximum number of points in a titration curve is at present set to 401, which is probably 
excessive. If MAXPC is changed the dimensions of the arrays X and Y in the subroutine WCURV must be 
adjusted accordingly. 
Details on how to implement a single-precision version are available from P. Gans. However single 
precision is definitely not recommended as data precision is very important in some calculations. 
Starting to use the disc version 
The discs supplied contains files which include the program (versions for use with and without a maths 
co-processor), test data files and test results. These disks contains the following files: 
1) SUPER.EXE, the object code for SUPERQUAD, compiled for IBM compatible micros fitted with 
the 8087 (or equivalent) maths co-processor. SUPER supports CGA, EGA and Hercules graphics. 
These are selected automatically, although Hercules has not been tested properly. The code 
includes the built-in editor. 
2) SUPER0.EXE is similar to SUPER.EXE but does NOT require a maths co-processor. Execution is 
slower by a factor of 6-7. Hence it is generally too slow to be practicable and a maths co-processor 
should be used if possible. The code includes the built-in editor. 
3) Six sample data files, SUPDATA (complete data file from the original SUPERQUAD), HLDATA (a 
template file for entering protonation data through the Editor, and is actually the section on 
Sarcosyltriglycine from SUPDATA), E0, MHLDATA and MHLADATA (template data files for 
entering your own data with 2, 3 or 4 active reagents via the Editor). E0 also show how E0 may be 
calculated from an HCI titration and demonstrates the use of EMF measurements instead of pH. 
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The final data set is NIGLY, nickel-glycine which combines 2 separate titrations and makes use of 
'dangerous' parameters. 
4) A Help file to assist in data preparation independent of the editor, HelpMHA. 
5) A sample results file for NIGLY with IPRIN=9 called NIGLY.RES. 
6) This manual, SUPER.TXT, for reference. 
Before using the program read the manual, SUPER.TXT. All data files are in ASCII format and can be 
readily edited with the built-in editorwhich is an integral part of of the PC version of SUPERQUAD. 
Results files are also in standard ASCII format and so may be TYPEd, PRINTed or edited. 
To load and run SUPERQUAD type SUPER <ENTER> or SUPER Filename <ENTER> where Filename 
is the name of the data file you wish to use. Screen instructions should then be followed. 
The editor is entered from the SUPERQUAD menu and its use should be self-explanatory. To enter new 
data, load a sample data set (e.g. MHLDATA) and edit your data into this, then save under a name of your 
choice. Data are entered into fixed EDIT-BOXES on the screen and are automatically forced by the Editor 
into the correct fields. It is an 'intelligent' editor since selection of the number of active reactants (1, 2, 3 or 
4) automatically adjusts the number of fields for entering other data. The same applies to the number of 
electrodes. 
Select the appropriate EDIT-BOX using the cursor keys (including HOME and END) and press ENTER. 
Data are then entered (any editing keys, including INSERT/ OVERWRITE, may be used. Pressing 
ESCAPE during editing restores the original entry before editing started) and edited data are accepted by 
pressing ENTER. Some EDIT-BOXES can contain only a small range of contents (e.g. pH/EMF). Values in 
these boxes can be cycled by pressing any key to cycle and ENTER to finally select. This is best explored 
by experimentation! New pages of data are accessed by using the PAGE UP or PAGE DOWN keys. Beta 
values or titration points may be added to or deleted by selecting the point to add or delete and pressing 
Ctrl/A or Ctrl/D. On completion, return to the main menu by pressing ESCAPE. The edited data set should 
then be saved to disk (item 2 on the menu). To return to the SUPERQUAD menu select the last item on 
the menu or press 'Q'. 
The editor is designed to handle any SUPERQUAD data file with up to 10 titration curves, with up to 100 
points per titration. 
The disk version of SUPERQUAD behaves similarly to the main-frame version, although some of the 
arrays are a little smaller. Important quantities are: 
Max number of data points 350 (or 600 electrode readings) 
Max number of constants 17 
Max number of titration curves 32 
The INTEGER variable JPH is set to default to mV; details are given in the file HELPMHA. The value of 
IPRIN can be changed from within the program and output can be directed to either the screen, a disk file 
or a printer. 
In the program all graphs now show pH values as well as datum point numbers and IPRIN=6 and above 
shows both measured and calculated potentials together with the differences in potential (and pH) and the 
weight of the point. 
The species distribution curves are linear in pH while the residuals plots are linear by point numbers. In 
addition to graphical output, output may be directed to either a disk file or a printer, with output in line-
printer format. 
Screen dumps of graphs onto an Epson-compatible printer are possible provided the MS-DOS program 
GRAPHICS has been loaded. Screen-dumps are only possible from CGA displays unless you have DOS 
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4.0 or higher. 
A companion program, SPECIES, calculates and displays species distribution curves over given Ph 
ranges for given concentrations of metal and ligand and given stability constants. Output can be directed to 
the screen as line-printer type output, as curves using Hercules, graphics, or to a disk file. The program 
contains a 'built-in' data editor. The programs, together with sample data and results files, is available from 
Dr. L. D. Pettit. 
Hints on running the program (PC version) 
Ideally SUPERQUAD should be installed on a hard disk (with data files in a data directory). The program 
can be run via a .BAT file so that data can be accessed directly using the built-in editor. Alternatively you 
can prepare your data files using a text editor and SUPERQUAD can then be run by typing SUPER (or 
SUPERO) followed by <ENTER>. 
Hints on running the program (mainframe version) 
If possible the program should be run by a MACRO written in the language of the machine operating 
system. The following comments are based on the MACRO used at Leeds, and stored in a file called 
SUPER EXEC. The macro is called by typing its name and this initiates a dialogue with three components. 
Firstly it requests the filename and filetype of the data file. Both are given as defaults in the text of the 
MACRO; the defaults are activated if the response is a blank character, and are useful if one is performing 
a series of calculations on a set of data with minor modifications being made for each calculation. The 
defaults are changed by editing the MACRO. 
Secondly it requests compile options. The default is no compilation. If compilation is requested options 
may be available such as different compilers and/or levels of optimization. One compiled successfully a 
binary file will be created and stored for subsequent runs. Any unwanted files created during compilation 
are erased. 
Thirdly it requests the destination for the output (results). The default is the user's terminal. Other options 
are a line-printer, or an output file. At Leeds the standard output file is called SUPER OUTPUT. Routing 
output to a file is most useful because it can be examined and maybe edited before deciding if it should be 
printed. Having an output file with a standard name ensures that one's file-store does not get cluttered up 
with unwanted files. If an output file needs to be preserved, e.g. for a report, SUPER OUTPUT is renamed. 
One can escape from each section of the dialogue by responding with a predetermined "quit" code. The 
defaults are activated by pressing the RETURN key. A copy of the file SUPER EXEC, written in the CMS 
language is available from P. Gans. 
Data input for SUPERQUAD 
SUPERQUAD uses fixed format data input. The formats have been chosen for ease of operation and 
almost all end in a column number that is a multiple of 5. Integer formats (I) must be 
right-justified, that is, the least significant digit must be in the right-most column of the data field. Floating 
point formats (F) contain a pre-defined decimal point; this can be overridden by putting a decimal point in 
the data. In both I and F formats a blank is equivalent to a zero. 
Table 1 gives the overall form of the data. There are five items which may contain a variable number of 
records (lines). In item 3 there may be up to 4 records, one for each reactant. In item 5 there may be up to 
18 records, one for each formation constant in the basis set. In item 7 there may be up to NMBEO records, 
one for each reactant in that titration curve. In item 10 there may be up to 2 records, one for each electrode 
used in that titration curve. In item 12 there may be up to 250 records, one for each titration point in that 
curve. There follows a detailed description of the individual entries in Table 1. 
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Column 1 2 3 4 5 
Table 1 
Standard layout for SUPERQUAD data 
10 15 20 25 30 35 
Item 
1 < Title 
2 < MAXIT > < IPRIN > < NMBEO 
3 < Name of reactant > 
> < MODE 
Temperature 
Log beta ><a or KEY 
6 Blank line 
7 1* 2*< Total millimoles 
<b or KEYxc or KEY 
Burette cone. 
8 Blank line 
9 3*< Initial volume >< Error in titre 
10 4* 5* 6*<Standard potentialx Error on emf 
<d or KEY 
LOCK 
>< LOCK 
11 Blank line 
12 < Titre > < emf 1 > < emf 2 
column 52 
< (KEY) 
< LOCK > 
>< JUMP 
13 Blank line 
14 Options: new titration curve or blank line 
15 Options: new models or blank line 
16 Options: new system or blank line 
Notes 
1* Item 7 column 3 Print control for species distribution plots 
Index of reactant 
Coulometric data flag - usually zero 
Type of electrode 
No. of electrons transferred 
5 Index of reactant to which electrode responds 
40 Slope for electrode response 
2* 
3* 
4* 
5* 
6* 
7* 
7 
9 
10 
10 
10 
10 
5 
5 
1 
3 
 
 
Item columns format variable Meaning 
1-72 52A1 
1-5 15 
NAME A descriptive title 
MAXIT The maximum number of refinement 
cycles. Must be a positive integer) 
6-10 15 IPRIN Print control integer. Printing of the 
following information occurs if the 
print priority is less than or equal 
to IPRIN 
1 Results page only 
2 Plot of residuals 
3 Plots of concentration 
(recommended) 
4 Refinement monitor 
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5 Print titration curves 
6 Table of residuals in emf 
7 Table of concentrations in 
moles/litre 
8 Extra information on chi-squared 
9 Table of total and free 
concentrations 
11-15 15 NMBEO The total number of reactants in the 
system 
16-20 15 MODE Choice of weighting scheme. 
0 Weights based on experimental data 
(normal mode) 
1 Unit weight for all points 
2 Weights are recalculated after 
refinement, from a theoretical 
titration curve. 
3 As with 2 but starting with unit 
weights 
3 1-12 12A1 KEMIC The names of each chemical reactant. 
4 1-10 F10.6 TEMP The reaction temperature (degrees C) 
5 1-10 F10.6 BETA The logarithm to base 10 of the 
formation constant. 
11-15 These fields contain the NMBEO 
16-20 stoichiometric coefficients 
21-25 15 of the species formed 
26-30 followed by the refinement KEY 
31-35 for the beta. 
The KEY may have the values: 
-1 Beta is ignored in the first 
refinement 
0 Beta has a fixed value 
1 Beta is to be refined 
6 A blank line to signify the end of the formation constants. 
Item columns format variable Meaning 
7 3 II JFP Print control for species 
distribution plot (only active if 
IPRIN > 2) 
0 No plot 
1 Plot of the concentration of this 
reactant divided by the total 
concentration 
5 II JNMB Index of reactant from the list given 
in item 3, i.e. 1 for the first, 
2 for the second etc. 
6-15 F10.6 TOTMM Total number of millimoles of 
reactant initially present in the 
titration vessel 
16-25 F10.6 ADDC The concentration of this reactant in 
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the burette (moles/litre) 
26-30 15 LOCK Refinement key for total millimoles 
31-35 15 LOCK Refinement key for burette 
concentration 
8 A blank line to signify end of reactants information 
9 5 15 JCOUL Normally zero but 1 would signify a 
coulometric titration 
6-15 F10.6 VINIT Inital volume in the titration vessel 
(ml) 
16-25 F10.6 SIGMAV Error in titre volume (ml) 
10 1 II JPH Type of electrode. 
0 Reading in mV 
1 Reading in pH units 
3 II JEL Number of electrons transferred 
at the electrode. 
A value of 0 defaults to 1. 
5 II IFC Index of the reactant to which this 
electrode responds, from the list 
given in item 3 
6-15 F10.6 EZERO Standard potential of this electrode 
(mV). If the electrode reads in pH 
it may be 0. 
16-25 F10.6 SIGMAE The error in an electrode reading (in 
mV or pH units, as appropriate) 
26-30 15 LOCK Refinement key for standard 
electrode potential 
31-40 F10.6 SLOPE Factor by which the Nernstian slope 
must be multiplied to obtain the 
experimental slope. A value of 0 
defaults to 1, i.e. ideal slope 
11 A blank line to terminate the electrode information 
12 1-10 F10.4 TITRE Titre volume (ml) 
11-20 F10.4 EMFC First electrode reading (mV or pH) 
21-30 F10.4 EMFC Second electrode reading 
(if present, mV or pH) 
31-35 15 JUMP A flag to indicate whether to include 
this point in the calculation. If 
zero it is included, otherwise it 
is ignored. 
13 A blank line to terminate data for one titration curve 
14 Either new titration curve (repeat items 7-13) 
or blank line to signify end of titration curves 
15 Either new models 
or blank line to signify end of models 
16 Either new system (1 in column 5, then repeat items 1-15) 
or blank line to signify end of data 
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Up to 75 new models may be specified in item 15. Each new 
model consists of a set of refinement keys equal in number 
to the number of records in item 5, having values of -1,0 or 
1, in fields of 12 format 
Dangerous parameters 
The quantities TOTMM, ADDC and EZERO can be held constant (LOCK=0) or refined. For simple 
refinement of a dangerous parameter set the corresponding LOCK equal to 1. However dangerous 
parameters can also be constrained to refine together. When so constrained they will change by the 
same proportion, so if the initial values are equal, the final values will also be equal. To impose a 
constraint set the corresponding LOCK to the same number greater than 1. More than two 
dangerous parameters can be included in the same constraint. Up to 20 different constraints can be 
applied. 
Coulometric titrations 
In some experiments hydroxide ions may be generated by electrolysis, rather than being added 
from a burette. This type of data will be flagged by JCOUL=1 in item 9, column 5. Subsequently the 
"titre" values will be assumed to have a different meaning. Since the product of "titre" and "burette 
concentration" (ADDC) is a number of millimoles, "titre" may be units of time, and "burette 
concentration" may be millimoles per unit of time. The total volume of the system will be assumed to 
be constant and equal to the initial volume in the titration vessel. 
Overall limitations 
In addition to the limitations indicated above, the following also apply (mainframe version), though 
not necessarily consistently! 
No more than 32 titration curves 
350 titration points overall 
600 electrode readings overall 
700 weights overall 
45 variable parameters 
Sample data sets 
The sets of data supplied with the program illustrate the different kinds of data that can be handled by 
SUPERQUAD. The selection is by no means exhaustive, but designed to illustrate the more common 
types of experimental situations. 
1. This is the Nickel-Glycine data discussed in the original paper. Users may wish to explore the 
effect of refining various dangerous parameters. 
2. Sartrigly. This contains the data for a simple titration of a dibasic ligand with alkali. The titration 
data is in the form of volume/pH. Two dangerous parameters are refined. 
3. Nickel-tpt. This will be familiar to users of the MINIQUAD program. It illustrates a set of three 
titration curves for the system in which alkali is added to a mixture of metal and ligand. The data is in 
the form of volume/emf. 
4. Nickel-histidine-proline. Investigation of ternary complexes, the formation constants for the 
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various binary complexes having been determined in previous experiments. Electrode readings are in 
units of pH. 
5. "Perfect" data. This was produced by an arbitrary simulation in which it was assumed that the 
correct model was the one used, and that the only experimental errors present were normally 
distributed errors in titre volume and emf. This data set illustrates how titration curves of different types 
may be included in the same refinement. Not only does the number of reactants vary from curve to 
curve but also the number of electrodes also varies. 
6. "Synt3". Another set of synthetic data which should provide a good test of how well the program 
functions on various computers. All the calculated correlation coefficients are above 0.995! 
7. E0. A set of data to show how EZERO can be calculated from a strong acid-strong base 
titration by iterating on EZERO (and also total hydrogen ion cone, if desired). 
Interpretation of output 
It is essential that SIGMAE and SIGMAV (data items 9, cols 6-15 and 10, cols 16-25) are determined 
experimentally before starting to use the program, as all the statistics are based on these quantities. 
SIGMAV is an estimate of the error in burette reading. For illustration, a standard 50 ml grade A burette 
graduated in 0.1 ml divisions has an error of ca. 0.005 ml if read with a magnifying glass. If an 
autoburette is being used (e.g. a syringe) it is suggested that SIGMAV be determined by weighing the 
amount of liquid delivered for various increments. SIGMAE is a estimate of the random error in the 
potentiometer system, that is, the error in a reading ignoring long-term drift. DO NOT ATTEMPT TO 
DETERMINE SIGMAE AND SIGMAV USING SUPERQUAD (this would involve an essentially circular 
argument). 
It is also recommended that the burette be calibrated to find out what is the actual volume delivered. 
An error of 0.1% in the absolute volume of an increment from the burette can be significant! When 
SIGMAE and SIGMAV have been correctly estimated, and when the standard weighting scheme 
(MODE 0) is being used, the s statistic (SIGMA in the SUPERQUAD output) should ideally be near to 1. 
To understand this let us suppose that we have a system with one electrode. If SIGMAV were equal to 
zero the weights would all be equal to 1/SIGMAE squared, and SIGMA will be nearly equal to the root 
mean square of the unweighted residuals, divided by SIGMAE, i.e. it will be the ratio of the rms residual 
in emf to the estimated error in an emf reading. When SIGMAV is not zero the weights will all be 
different, and ideally they should be equal to the inverse of the squared error in each observation; 
equating the errors and residuals each weighted squared residual should be 1, and so the rms 
weighted residual should also be 1. A similar argument applies when there are two electrodes. 
If SIGMA values < 1 are obtained it is probable than SIGMAV and/or SIGMAE are too large. If large 
values of SIGMA are obtained possible causes are: 
1) SIGMAE and/or SIGMAV are too small. 
2) The model is incorrect e.g. an important species is missing. 
3) There are systematic errors in the data. 
Deal with the first two possibilities directly. Systematic errors are treacherous to deal with. Ideally they 
should be minimised at the experimental stage, but inevitably some systematic errors will persist in real 
data. For example, systematic differences between two or more titration curves relating to the same 
system will usually become apparent when the data from all curves is included in one refinement. No-
one knows exactly what causes these differences, though electrode calibration is an obvious candidate. 
If large systematic differences appear, more careful experimental work is indicated. 
In the model selection process we can reject a model which gives a large SIGMA value, but we must 
decide what constitutes "large". It has been proposed that any value greater than 3 is "large" but in 
general this is somewhat optimistic. The value is based on the idea that if SIGMAV were zero this would 
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correspond to the average residual being more than three times the estimate of error in potential. We 
suggest that the experimental set-up and quality of the data obtained from it be evaluated using 
systems in which the model is known with some certainty, e.g. the nickel/glycine system with three or 
more titration curves (not duplicates, but using different concentrations etc.). 
A second statistic, chi-squared, is also useful for model selection. If SIGMA is acceptable but chi-
squared is large this suggests that there are systematic trends in the residuals, indicative of systematic 
errors in the data and/or the model. 
When an unacceptable fit is obtained, examine the plot of residuals. A single large residual probably 
indicates an erroneous data point. Otherwise the largest residuals usually appear near the end-points in 
the titration curve. This is probably caused by the fact that the emf changes rapidly near a end-point, 
making precise determination difficult. Also, there is a technical problem associated with the calculation 
of the weights in MODE 0 when there is a very sharp end-point, so that the weights may not be 
calculated accurately from the titration curve. If all the residuals near an end-point have the same sign 
there is probably a systematic error in the data. Sometimes this feature can be eliminated by refining a 
dangerous parameter but this is very risky if one is not sure of the source of the systematic error. Try a 
titration of glycine with alkali: this exhibits a very sharp end-point and the titration curve is difficult to fit. 
Selection of suitable data for the calculation is very important. The experimental data may range from 
a region in which there is essentially no complex formation to a region in which complex formation is 
essentially complete. Data from these regions should be excluded from the calculations since they 
contribute no information regarding the formation constants. They represent only the effects of dilution 
and their inclusion can adversely affect the quality of the fit, as judged by SIGMA and chi-squared. 
Conventions used to represent hydroxide ions 
In the test data supplied the convention is used that hydroxide ion concentrations are given a 
negative sign, that is, addition of a solution containing hydroxide ions reduces the total hydrogen ion 
concentration. With this convention the self dissociation constant for water, Kw, is included by specifying 
OH' as a complex, with stoichiometric coefficients such as (0 -1) or (0 0 -1). 
[OH]- Kw [H+] 
Kw should be regarded as an empirical quantity appropriate to the ionic medium and temperature 
used in the experiments. Kw does not need to be specified unless the titration data extend to a region of 
high pH. 
Deprotonated species are specified with negative stoichiometric coefficients. For example a metal 
complex might be specified by the coefficients (1 1 -1). This could either be a complex in which the 
ligand has lost a proton, MLH.i, or a hydrolysed metal complex. In the latter case the formation 
constants are related by 
P MLH -1 KvX PML(OH) 
It is generally preferable, when using this convention, to designate the most hydrolysed form of the 
substance as "reactant". E.g. for glycine we define the glycinate anion as the reactant L, and glycine 
itself is denoted as LH. 
It is important to note that if a convention of this kind is adopted, and if a protonated form of the 
ligand is used to make up the reaction mixture, the total millimoles of proton (data item 7 cols 6-15) 
must include one millimole for each millimole of proton present in the ligand. For example, using the 
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convention that glycine is denoted as LH, the total number of millimoles of proton should be given a 
number equal to the number of millimoles of glycine plus the number of millimoles of proton added as 
mineral acid. If the ligand were denoted as LH2 the total number of millimoles of proton should be given 
a number equal to twice the number of millimoles of ligand plus the number of millimoles of proton 
added as mineral acid, etc. 
Since the total hydrogen ion concentration can become negative the species distribution plots relative 
to the total hydrogen ion concentration are not usually very meaningful. 
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